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PREFACE 


’WTien some twenty-five years ago I began to write my first book on 
fluorescence and phosphorescence, luminescence was a matter of rather 
specialized scientific research and I could not hope that the book would 
arouse much interest outside of physical or chemical laboratories. Since 
then the practical application of luminescence ha.s gained, slowly at first, 
an ever increasing importance. For proof one need only consider the 
part it plays in .such diversified fields as vitamin analysis, television, ))lack- 
out lighting, and petroleum prospecting. The large number of I)Ooks 
dealing u'ith the application of lumine.scencc, which have been puhli.shed 
in the last decade in the United States, in England, in (lermanj* and in 
France, is an evident symptom of the growing interest in these prohlem.s. 
Even a monthly journal endeavors to inform u.s of the latest advances 
in the use of fluore.scent materials. 


The e.vistence of so many books is not sufficient rea.son for increasing 
their number by still another one, especially .since some of them are excel- 
lent work.s and almost every one contains an enunnous amount of informa- 
tion. However, this information frc(iuently fails to discriminate between 
the reliable and u.seful on one hatid and the doul)tfuI or merely accidental 
on the other. Also, none of the.so books deals with the entire subject. 
As a matter ot fact, they are all written liy specialists interested in one 
restricted field, be it chemistry, phvsiolugy, criminology, mineralogy, or 
indu.strial engineering. 1 he j)hysic;.'Nt’s siile of the problems is somewhat 
neglected, as a rule, and after all, luminescence j.s essentially phvsics. 
Moreover, the only two existing <letaile(l monogi'ajjhs on tlu' pliysics of 
luminescence are fifteen years old. The\' have long been out of j^rint 
and are lar from up-to-flute. The more recent booklet by Ilirsehlafl', 
usetul as it is, does not give more than a short survey of the suldect. 

It is not within the .scope of this hook to fill the gaj.. As the sul)title 
implie.s, It treats luminescence siK-cifically for its possilulities in practical 
application. 1 hus the photoluminescence of gases and vapors is not 
included, although from the theoretical point of view this would he one of 
the most important chapters. It .seemed advisable t(j omit the electro- 
luminescence of gases' an<i vapors as well, since (he problems of tlu* dis- 
charge of electricity through ga.sesare t.)o manifold and arc comprehensively 
treated in book.s concern(‘<l exclusively with them. 

The luminescence of liquids and .'^olids lias two main fields of application: 
analy.sis and light production, both in the wider sense of the word. In so 
fur as luminescence [.lienomena can he made useful for any one of tlie.se 
applications, their theoretical background a.s well as the technique of their 
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production is discussed in the first part of the book. Rather than enumer- 
ate every individual case of application that has ever been published, 
it seemed that a certain degree of criticism was desirable in the second part. 
This may serve as an antidote for the over-enthusiasm of those who are 
inclined to exaggerate the possibilities of such applications, especially 
in the field of fluorescence analysis. 

I was very fortunate to find in the person of Marcel Vogel a younger 
collaborator who has specialized for several years in the production and 
application of luminescent paints, and was thus able to supplement my 
knowledge in a field in which I had but limited experience. 

The authors are much indebted to Mr. B. Berry, Dr. H. Popper, Dr. 
0. W. Richards, and Dr. V. K. Zworykin and to the Bausch arid Lomb 
Optical Co., the Continental Lithograph Corporation, the New Jersey 
Zinc Co., the Spencer Lens Co., and the R. C. A. Co. who kindly pro- 
vided photographic prints or cuts for the reproduction of illustrations. 
It may be pointed out, however, that when the products of a specific 
manufacturing firm are mentioned no judgment is expressed that similar 
products of other firms are inferior in quality. It seemed preferable only 
to give actually existing examples rather than purely schematic descrip- 
tions. On the other hand it was, of course, impossible to enumerate every 
mercury lamp, photometer or microscope manufactured in the United 
States. 

Similarly, the references to publications in'scientific or technical journals 
by no means pretend to be complete. Of several thousand papers only 
those of special historic importance and the most recent publications have 
been quoted for every subject, preferentially if they contain a more detailed 
bibliography. Although some use has been made of the very extensive 
patent literature, patents have not been referred to. 

Finally, the authors want to thank Dr. R. Platzman and Dr. S. L. Simon 
who helped in correcting the proofs. 

Peter Pringshbim 

Chicago, July 1943 
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CHAPTER I 


A FEW HISTORICAL REMARKS AS INTRODUCTION 


Tales about precious stones shining in the dark stretch back into antiq- 
uity. They are supposed to have adorned the temples of the gods and 
the crowTis of princes. This might have been the first technical application 
of luminescent material. However, the most reliable authors quoted as 
witnesses for the existence of such fabulous gems do not seem to have 
committed thom.sclves unambiguously. Aristotle’s pupil Theophrastus 
does not say more than that a carbuncle exposed to sunlight glows like a 
live coal. And some centuries later Pliny the elder repeats that a flame 
seems to burn inside of the crystal which he calls anthracite or phlogitis, 
synonyms of carbuncle. He saw it glitter in the moonlit night, without 
contending that the “(lame” was .still visible in complete darkness. More 
than one minor compiler though, like Diodorus or Volinus, probably mis- 
understanding his sources or only telling from liearsay, affirms explicitly 
that a light is hidden in chrysopra.se, .still another name for the mysterious 
stone, an<l that it can be seen during the night like a candle. Aclianus, 
the poet , knows of a grateful stork which dropped a luminous stone into the 
lap of a woman at Tarentum as a reward for some kind action. This, of 
course, does not claim to be scientific information. 

The legends and fables of the Near and the Far East are full of such 
marvelous jewels. From there they return to the fairy tales of medieval 
Europe. Benvenuto Cellini, a story teller almost as fertile as Scheherazade 
herself, not only knew many of the>e tales, but at Ragusa in a merchant’s 
shop, lie saw with his own eyes a white sapphire which spread from its 
interior a sparkle .«o beautiful and bright that it illuminated a perfectly 
dark room.' 

^\'c may ask whether reports of this kind have any connection with the 
phenomena we call luminescence today, or whether they reprc.sont pure 
products of the imagination. Iteyond doubt the ancients knew more than 
one ca-^e of biolurnincseencc. They could not avoid seeing glowworms 
and sea fire. Such plumomena as well as the luminosity of rotting wood 
were treated by ,\risfotle, who never said a word about luminous .'<tones. 
P'urllior, it is certain tliat antifjuity and the midille ages were well ac- 
quainted with .'several minerals which are photoluminesccnt . .Most of 
these, however, show .so short an afterglow that it is not perceived without. 

* S. 1[. Hall, .Sri, Miittllil'j . 1938. j>- 19/ ; I'.. l^ii f, unit err , .S'r.i C'uuscs 

Kl SfK ICffrtn. I’ttii- ISti7. II (i .1 Kuvmi. Uninlhiirh ih r Sfmtro.-rnjn, , 4, 

I,fip7li? I'.lOS 
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the help of devices especially designed for the purpose. Luminescence not 
outlasting the excitation, or fluorescence, is not easily recognized as such. 
Besides, it would not at all correspond to the description of light emitted 
in the dark. Certain samples of diamonds and of fluorite, especially the 
variety called chlorophane, show an afterglow which sometimes persists 
over an hour and more after the end of excitation by ultraviolet light. It 
must be kept in mind, though, that no artificial light sources were at hand 
for the excitation of phosphorescence. The crystal would have had to be 
exposed to sunlight and then immediately transferred to a dark room. 
The luminescence would not have lasted through the hours of twilight 
till after sunset. 

The types of luminescence of minerals which might be observed with the 
greatest probability under normal conditions are the triboluminescence 
of many diamonds and of different quartz varieties and the thermolu- 
rainescence of diamonds, calcites and fluorites. In order to produce the 
first of these phenomena the crystal must be crushed or at least its surface 
must be subjected to intense friction. The second is released by a rise of 
temperature, sometimes only by a fpw degrees. However, this last experi- 
ment can not be performed more than once with a crystal and cannot be 
repeated without exposing the diamond or fluorspar to an irradiation 
which was by no means available in old times. 

Besides, diamonds are never mentioned in this connection. In at least 
nine cases out of ten the luminous stone is a “carbuncle,” most probably 
a ruby or in some cases a spinell or a garnet, none of which is phosphores- 
cent. Nor was Cellini’s white sapphire a diamond. The famous gold- 
smith would not make such a mistake in his book on jewelry. 

One might, of course, imagine that some Syrian or Egyptian priest antic- 
ipated by a few thousand years the feat of that cobbler from Bologna 
who at last discovered the luminous stone. But this is pure romancing. 
Not even Herodotus, who knew of every rumor from Asia and Egypt, ever 
heard of anjihing of the kind. The column of transparent emerald which 
he saw in a temple at Tyrus owed its luminosity, beyond doubt, to some 
artful trickery rather than to a scientific achievement of the priests of 
Heracles. 

Hence, we are justified in beginning the history of phosphorescence with 
the bootmaker Vincencio Casciarola, who in his leisure hours was an adept 
of alchemy. In the vicinity of his native Bologna he found some heavy 
stones and took them home. He hoped to extract from them gold or at 
least silver. The atom smasher of those days was a furnace and a pair of 
bellows. After calcination, the ston^ were not converted into the precious 
metal hoped for but they had acquired the ability to emit a reddish light 
for a considerable time after having been insolated. This happened 


HISTORICAL INTRODUCTION* 


5 


about ICOO. The first names given to the miraculous material were mani- 
fold. Stone of Bologna, moonstone, light sponge, and lucifer may be 
mentioned as a few examples. However, towards the middle of the 17th 
century the designation “phosphor”* was generally accepted. At pres- 
ent, we know that the stone found by Casciarola consisted, in the main, 
of barium sulfate which probably contained traces of Bi or Mn and was 
partially converted into sulfide by the heat treatment. It took more than 
two and a half centuries before this wa.s understood. 

I'ntil then numerou.s methods were published for the mo.st efficient prep- 
aration of the pliosphorcsccnt matter without knowing the e.s.sontial condi- 
tions and still le.ss the underlying ))hy.sical mechanisms. Even nowadays 
a perusal of the most modern formulae and patents for the manufacture 
of pho.sphoresccnt paints gives the impression that the alchemi.stic oi’igins 
are not yet quite outgrown. 

In the middle of the 10th century Edward Bec<iuerel laid the foumlation 
for a really scientific treatment of the phenomena.* lie measured the 
wave-length of the exciting light and of the emitted light, the duration of 
the afterglow, llie influence of the temperature and many other features. 
Ho did not confine liis wtirk to tlie one type of jihosphoi’s, but treated tlie 
lumine-scence of many other materials, the uranyl salts, ruby an<l diamond, 
fluorite and calcite, <‘tc. It was left to VerneuiP and after him, to I.cnaril,^ 
to find in the last veal’s of the 10th eentury, that nearly all those “mineral 
phosphors” such as sulfides, oxides, selenidos or ('arbnnat(‘s owe theii- lu- 
minescence to the presence of impurities like (’u, Mn, .Vg, and that only l)y 
llio use of perfectly pure chemicals is one* able to iepio<luee at will pltos- 
phors of (lifTerent ((ualitios. 

M about the same jK'riod C’rook.s^ and ( lohlstein'' started th<* ln\’<'stiga- 
tion of luminescence <*xeite(I l)v cathoile lavs. 

rinoro.sconcc luul been obsorvod i)orbaps even earli(*r than pliosplioies- 
conce in afjuoous extracts from an exotic wood “litiruun m‘plirilirum’' U'^od 
in plmrmacoutics. Otlier M)lutions were found later which showed the 

• This inoriruH HkIiI iuh! is f}i<* Gn*ck of tlicohlor ‘iurifn /’ TIm* 

name was given to the sIojk* of liologna .some limo before Kuiikel <iisrovore<l the 
oloment, phosphonrs, which also owes its naim* to its ability to glow in the tiark. 
The light cmisdion l)y jiliospliorus is a case of chemilinninesceiice, Uiii» an oxidation 
process. 


^ K. Boc<piercl, Ann. rhtm. phyfi.,22, 2U (1818>; 55, o (185!)>; 57, 10 flSoO). 

^ A. Verneiiil, Compt. rend., 103, OOtJ (ISSO). 

* I*. ]a until and V Klatt. Ann 16, 220 f J MO-| ) ab-i V b.Jiard. 1 . St lunidt 

aijrl It /'ho.sphnrt:f 2 ifi 2 uhil !‘l4iiuisz*nz. kadmn v’Im • \’r rlag->gi'M ll<t haf I , 

U’lp/ig P.t2K 

^ \\ ( j«>rik-. Uff'i So* 32, 2t)tj ( I Hh I ). 

^ E. Goldsteifi, IVica. IScr., 80, II, lol (1876). 
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phenomenon. However, scientists from the Italian doctor, Nicolo Mon- 
ardes, who was the first to mention it in 1570, to Boyle, Newton, and Hook 
and even to F. HerscheF and Brewster® in the first decades of the 19th 
century, were aU of the opinion that it was nothing but diffusion or disper- 
Sion of the mcident radiation. Designations like internal dispeision or 
epipohc dispersion are characteristic of this conception. The main impedi- 
ment to a better understanding was the necessity of observing the sec- 
ondary radiation while the primary light beam was passing through the 
medium. 

In 1852 Stokes® proved finally that in this case, as in phosphorescence, 
the irradiated matter becomes self-luminous, and that the wave-length of 

the emitted light need not be contained in the spec- 
trum of the incident beam. He chose the new name 
of fluorescence” for the phenomenon because it is 
shown \vith outstanding brilliancy by certain varie- 
ties of fluorspar. Further developments of the 
theory of luminescence are givui in the second 
chapter. 

Luminescence began to play a rather important 
part in the technique of scientific research in the 
last decades of the 19th century. Fluorescent 
screens were used in ultraviolet spectroscopy; 
cathode rays and canal rays were investigated with 
their help. Fluorescence of such a screen led to the 
discovery of x-rays and more indirectly of radio- 
activity as well. Cathodoluminescence was the 
most important method by which Crooks,*® Bois- 
baudran," and others succeeded in discovering and 
ultimately separating the rare earth metals. This 
series of papers beginning in 1880 provided the first example in which 
luminescence was applied to chemical analysis. 

It took much longer before any important applications of luminescence 
were found useful outside of the research laboratories of pure science. It 
is true that as early as 1625 a man called Peter Poterius made little animals 
from phosphorescent material “which were a very lovely sight at night.” 
The manufacture of such phosphorescent “novelties” has become a fast 
growing industry lately. However, it is also true that little more than 

^ J. Herachel, Phil. Trans., 1846, p. 143. 

• D. Brewster, Phil. Mag., 32, 401 (1848). 

» G. Stokes, Phil. Trans., 143, II, 463 (1852). 

W. Crooke, Proc. Roy. Soc. London, 36. 262 (1883). 

" Lecoq de Boisbaudran, Compt. rend., 100, 1437 (1885). 



Fig. 1 — Old cathode 
ray fluorescent lamp 
(after Puiuy). 
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ten years ago it was asserted in an article in “Handbuch der Physik that 
fluorescent lamps had no future for illumination They were considered 
to be inefficient. This was probably correct for the only type of fluorescent 
tubes then existing. In these, for instance in one constructed by Puluy, 
which may be found in many collections of apparatus in old laboratories, 
luminescence was excited by cathode rays impinging on a fluorescent 
screen (Fig. 1). Before the modern fluorescent lamp could be invented 
the hot cathode gas discharge tube had to be developed. The ever 
increasing number of fields in which luminescence is applied to practical 
purposes forms the main content of the second part of this book. 

F.Vringsheim^ Lumine^enzlichtguelten {Ilandbuck der Physik XIX). Springer, 
Berlin 1928. 



CHAPTER II 


THEORETICAL BACKGROUND 
1. Nature of Light 

Classical theory records that light consists of electromagnetic waves 
propagated ;vith a velocity which in empty space has the value c = 3 X 10‘® 
cm. per second or 300,000 km. per second. Its intensity is defined by the 
amplitude of the waves. Its quality, the property which is responsible for 
the sensation of color in our vision, is correlated with the wave-length X or 
the frequency v. Wave-length and frequency are related by the equation 

V ~ In modern physics the wave number ? = - is used more fre- 
A A 

quently than v. 

The wave-length of light is measured in Angstrom units: 1 A = 1/100,- 
000,000 = 1 X 10“* cm., the corresponding wave number is measured in 

cm. “’( -^ ). Visible light, which has a spectrum extending from red to 
\cm./ ^ 

violet with wave-lengths of 8000 to 4000 Angstroms or 12,500 to 25,000 
cm.“‘, forms only a small part of the total electromagnetic spectrum. This 
latter extends on one extreme to radio waves \vith wave-lengths of several 
miles and on the other to the gamma rays emitted by radioactive sub- 
stances and even further to certain components of cosmic radiation with 
X = 10~‘® cm. 

The problems which are treated in this book concern only the middle 
part of the electiomagnetic .spectrum, i.c., visible light and ultraviolet 
radiation. The latter may be conveniently subdivided into the near U.V. 
(4000-3000 A), the far U.V. (3000-2000 A), and the “Schumann U.V.” 
(2000-1200 A). All these kinds of radiation may be classified as light 
(which, of course, in the ordinary sense of the word, means only visible 
light). In so far as x-rays are used to produce luminescence they must 
also be taken into account. They are “light” of wave-lengths from about 
100 A to 0.01 A. The shorter their wave-length, the “harder” and the 
more penetrating are the x-rays. Infrared radiation, immediately ad- 
joining the long wave-length end of the visible part of the spectrum, wll 
occasionally be mentioned in connection with fluorescence and phos- 
phorescence processes. 

A light emission spectrum as actually observed may consist of isolated 
bright lines separated from each other by dark intervals. It can consist 
of one or more broad sti-uctureless bands,* or it can cover continuously the 

• This purely phenomenological description is not intend:; J to be sufficient to dis- 
tinguish between line and band spectra in the spectroscopic sense. 
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whole region from the red to the U.V. without any pronounced selec- 
tivity. 

An absorption spectrum is produced when light with a continuous spec- 
trum is passed through a medium which absorbs only part of the light. 
Absorption spectra consist of dark lines or dark bands on a luminous back- 
ground. 

Since the quantum theory was introduced by Planck and Einstein we 
know that, though the wave character of light with all its consequences 
has to be maintained, the energy which is carried by these waves has a 
corpuscular nature. I.ight is composed of units called quanta or photon.s, 
each photon having an energy E = Uv\ h, a universal constant (Planck’s 
constant), has the value 6.63 X erg sec. If a molecule absorbs light 
of a frequency v, it cannot absorb any quantity of such light ; it can just 
absorb one photon, E, = hv, and conversely it cannot omit more or less 
than one photon of this frequency. If it emits radiation of a smaller 
energj', this radiation has also a smaller frequency v', so that again E' 


Niels Bohr developed this principle further by introducing the a.ssuinp- 
tion that a molecule can exist only in certain energy states, and that 
it cannot contain or absorb any arbitrary amount of energy. The lowe.st 
of the states of a molecule Is the “ground state” Eo. States of higher 
cnergj’ Ei, Ei, . . . are called excited .states. The tran-sition of the molecule 
from a lower energy level to a higher level Ek requires an energy influx 
A£; = Ek — Ei, which may be provided by the absorption of a photon 


hvki = E'k — Ex. The inverse passage Ek - 
the emission of light of the same frequency v,k 


Ei can be accomjjanied by 
•'A* (Pig- 2). In both cases 


the energy A/i’ may also be provided or lo.st by some other process, for 
instance by a collision. 


The internal energy of a monatomic molecule is defined exclusively by 
the configuration of its electrons. The corrc.sponding energy levels of the 
atom are i» general .separated from each other by relatively large intervals, 
so that the transitions between levels determine widely separated lines in 
the visible or ultraviolet part of the .spectnim corresponding to large hv- 
values. In diatomic and polyatomic molecules energy is also contained 
in the vibrations of the atomic nuclei relative to their center of gravity, 
and in the rotation of the molecule around the main axis of inertia. The 
spacings bet ween the corre.'^ponding energy levels which arc superimposed 
upon the electronic levels are much narrower than tho.se between the 
electronic levels them.sclvcs. Thus a great many lines are accumulated 
within a narrow spectral region foiming a so-called band system (Pig. 3). 

Since a molecule has only discrete energy levels Eu. e\, E,. . . , it is 
able to ab-sorb or emit only light of certain discrete frequencies i/J (i = 
0, 1, 2...fc = 1, 2, 3..., t < k). 
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At moderate temperatures practically all molecules are in the electronic 
ground state although some of the molecules may contain one or even 
two vibrational quanta. Hence the absorption spectra show in general 
only the frequencies *> 0 ^. 

In isolated single molecules, e.g., in gases of low pressure, the energy 
states are very sharply defined and transitions between them produce 
narrow and sharp lines. In more complicated molecules, especially in 
condensed systems (in liquids or solids), the narrowly spaced energy levels 
become more or less broadened and frequently overlap. Accordingly the 



Fig. 2. — Energy levels of an atom, 
a: Absorption lines from the ground 
state. 

b : Emission lines from electronic state 
lij. 


Fig. 3. — Two electronic energy states of 
a molecule with superimposed - 
vibrational levels. 

a: Absorption series from the two 
lowest vibrational levels, 
b:. Emission series from one e.xcited 
level. 


absorption and emission spectra consist of more or less broad and diffuse 
bands (Fig. 4). 

If a molecule is raised into an excited state Ek by light absorption or any 
other kind of mechanism and if, apart from the ground st^te A'(with the 

energy Eo) several other energy levels E',E" are situated below Ek, 

the omission spectrum will result from transitions from Ek to all or to some 
of the levels Eq, E', E" . . . . The levels E', E" . . . . can either correspond 
to different electronic excitation states (as in Fig. 2) or they can be due to 
the superposition of different vibrational energies on one and the same 
electronic state (as in Fig. 3). The emission spectrum originating from 
one single excited state will thus consist of a series of lines. In more 
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complicated molecules, and especially in condensed systems, sequences of 
broad bands will appear instead, and eventually these will merge into one 
continuous band showing several peaks of higher intensity. 

The transition probabilities between different energy levels Ei —* Ek 
of one and the same molecule may be of quite different orders of magnitude. 
Great transition probabilities correspond to strong absorption and emission 
lines or bands, small probabilities to weak lines or bands. If the transition 



Fig. 4. — Two electronic states «>f a 
molecule giving origin to t)ie 
absorption or emission 
of a broad l)ftn<l. 


Fii;. 5.— Energy levels for the production 
of phosphorescence, 
u: Absorption process, 
f : Fluorescence process, 
ph; Phosphorescence process. 


probability is extromoly small, the transmi.ssion is called “forbidden.” 
An e.veited .staje is called ineta-stablo or qua.sistable, if the transitioas from 
this .state to the ground state or any other state of lower energy are all 
forbidden (compare Fig. o). 

The time during which a molecule remains in an excited state before it 
returns spontaneou.'^ly, with light emission, to a lower state, is called tlje 
lifetime of the excite<l state. For atoms and many inoleculc.s the.'^e life- 
times can be calculated by the application of so-called selection rules. 
For “allowed” transitions corresponding to line.s in the visible part of the 
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spectrum the lifetime is of the order of 10-* sec., while for transitions for- 
bidden by selection rules it almost never exceeds a few seconds.* An 
excited state is “metastable” if selection rules make all transitions tolower 
levels impossible. In polyatomic molecules or in crystals, states of high 
energy can exist, in which the configuration of the atomic nuclei is altered. 
The probability of a spontaneous transition from such a state into the 
normal nuclear configuration, which is characteristic of the ground state, 
can be exceedingly small and thus the lifetime of such a “quasistable state” 
may last hours or even years. 

It is perhaps not superfluous to emphasize, for the sake of the reader not 
used to physical terminology, that more or less doubtful “modern” hypoth- 
eses are not implied when light emission and absorption are represented by 
transitions between different energy levels in a molecule. This representa- 
tion is based only on two assumptions, and these are as solidly established 
as any part of classical physics. The first one is that the spectra of simple 
molecules in the vapor state consist of narrow sharp lines characteristic 
of the molecules, and the second is, that light of a wave-length X is ab- 
sorbed and emitted in quanta of energy h X c/X. 

2. Luminescence 

Since light is a form of energy, energy must be supplied to every material 
system serving as a source of light. In the greatest number of cases this 
is done by heating the system. ^Vhen the thermal agitation of all mole- 
culc.s within the system is increased, then simultaneously more and more 
of the molecules are raised into excited states. The higher the temperature, 
the greater the number of excited molecules and the greater the intensity 
of the emitted light. To such thermal excitation we owe not only the 
light radiated by the sun, but also the light produced by most of our artifi- 
cial devices, from the torch and the oil lamp to the Welsbach mantel and 
tlie tungsten filament bulb. 

It is possible, however, to transfer energy only to those parts of the 
molecules which are responsible for light emission. The molecules can 
be brought into excited states without increasing their average kinetic 
energy or without heating the system. For light emitted under such 
conditions, E. Wiedemann has introduced the term luminescence.* 

A rather frequent misstatement asserts that if an emission spectrum dif- 
fers widely from that of a glowing filament by its intensity distribution or 
it.s .selectivity it is due to luminescence. Such laws as Wien's law or 

* For the sake of completeness it may be mentioned that certain raetastable 
states of simple atoms, r.g., the statu 6 of the even inereury isotopes should have 
an intinite lifetime according to the theoretical selection rules. 


> E. Wiedemann, Ann. Physik, 37, 177 (1889). 
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Planck’s law determine black body radiation in contradistinction to the 
radiation of any other heated body, but they afford no possibility of dis- 
crimination between thermal radiation and luminescence. The emission 
spectrum of an europium salt or of sodium vapor at high temperatures may 
consist of a few narrow bands or a single spectral line, Imt such an emission 
is thermal radiation nevertheless. The only characteristic feature of 
luminescence is that it docs not obey KirchholT’s law. If the intensity of 
the emitted light exceeds the intensity of the radiation of the same wave- 
length from a black body of the same temperature, the radiation is a case 
of luminescence.* 

Luminescence can be either fluorescence or phosphore-scence. Accord- 
ing to the original definition Jtuorcsccnce is a light emission which does not 
continue a measurable time after the end of the excitation process. Phos- 
phorescence persists when the excitation is discontinued. Sometimes the 
eini.'Jsion lasts for many hours. This definition of fluorescence and phos- 
phorescence is still found in many modern publications, and in a gen- 
eral way and for most practical purpo-ses, it can be admitted to be true. 
It must be understood, however, tiiat in some cases t^jiical fluorescence 
can show an afterglow ob.servablc even witliout any special instrument, 
while on the other hand the duration of phosphorescence may become very 
short at higlier temperatures. 

Fluorescence is due to the spontaneous tran.-^ition of a molecule from an 
exciteil slate to a lower energy le\el. The moan life of this process de- 
pends o'nly on the tran.'<ition probability; it is in most ca-ses very short, 
with T < 10“^ sec. and practically never exceeds 1 see. Furthermore, it is 
practically independent of timiperalure.- 'I'iie chai’ucteristic feature of 
plioNphoreseeitee is that a fraction of the excited molecules does not immedi- 
ately l»egin to emit light by returning from the excited state F (see Fig. 5) 
to the grounil state (I, but passes instea<l into a metastable or cjua-sistalih* 
.state .1/. of .soiiK'whal .smaller energ>’ tlian F. From .1/ the molecules 

* Tliis <if i\irclilit)tT's hnv will cever almost every practical case, al- 

it, is not finite coniplete. Hafiiniioii of s<ime liKl'f soiiree.s may hav^^ less 
ititcn.^ity iliaii black bcnly railiatifin of the same temperature ami b(r lutnitiesceiice 
iK'vertlicle.ss. if t be radiat inn body absorb.s very little of the radial io:i which it emits. 
If AVraiid .V^rarc the emissive ami absorptive power of the liglit source for wave- 
leiintlj X and lemperatur*; T, and, if L’Jr is tlf emissive power of the black body, /ijr 

Kkt 

bciiin e<|ua! to uiuty, tlnai liiiniiie.scciice is flt.-lincd by (he inequality — > Elr- 

Jf for instance liy'iioKeii nas in a Iraiispaient fpiartz tube is licated to lOOO” C., it 
will reinain pcrfcn ily t ran.si)arcnt , .1 bcinn very .small, and it will (;mit no light ; the 
ciiii.s.sioii of llii^ red hydr'fgeii line may be excited by a very we.ak electric discharge 
and cau-se fa/mecsccwcc. 'I'he re<l radi.itioit from a black body at 1000’ ( 1 . miglit 
be a liumlred (iines .stronger. 


* G. R. Tonda, J. Applied Pkys., 10, 408 (1939). 
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can only return to F with subsequent light emission accompanying the 
pass^e F-G when the missing energy e = F - ilf is restored to them 
by the heat movement of the surrounding medium.* This return oc- 
curs within a short time at high temperatures. It might be delayed a 
good deal at low temperatures. At very low temperatures the phos- 
phorescence may be completely “frozen in.” The molecules then remain 
in their quasistable state M, until, by a rise of temperature, the “trapped” 
radiation is again released. The smaUer the energy difference between 
F and M, the lower the temperature necessary for “freezing in” the 
phosphorescence. With high values of «, phosphorescence may even be 

frozen in at room temperature. This is the origin of all so-called thermo- 
luminescence. 

A third kind of luminescence process does not fit into these definitions 
of fluorescence or phosphorescence and may be called recombination 
afterglow. It plays a rather important part in the luminescence of certain 
mineral phosphors. It occurs when electrons are completely removed 
from their original molecules by the absorption of light. Light emission 
results when these electrons recombine with any one of the excited mole- 
cules. While normal fluorescence and phosphorescence are monomolecu- 
lar reactions, recombination afterglow is a typical bimolecular reaction, 
its intensity being proportional to the square of the number of excited 
centers. The duration of the afterglow is usually short and doe-s not 
exceed fractions of a second, < as long as the electrons are not “trapped” 
during their movement across the crystal lattice. In the latter case the 
phenomenon may appear as a superposition of a monomolecular and a 
bimolecular process with one or the other of the two prevailing. When 
the exciting radiation is cut off, a “monomolecular” proces.s decays ac- 
cording to an exponential law 

/ = he-^ 

where lo is the initial intensity, a = 1/r the transition probability and r 
the mean life period of the excited, state. The decay of a recombination 
luminescence follows a hyperbolic law 

I « /#/(! -1- bhi) 

The most characteristic difference between the two types of decay curves is 
not their shape, but their dependence on the value of lo and on the tem- 
perature T. The exponential curve is quite independent of the initial 
intensity, while the steepness of the curve increases kvith increasing tem- 
perature. For the hyperbolic type the slope is little influenced by tempera- 

^ F. Perrin, Compt. rend., 182, 219 and 929 (1926); S. I. Vavilov, Fhysik. Z. Soniel- 
unian, 6, 369 (1934). 

‘ W. De Groot, PAyatco, 6, 275 (1939). 
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ture but becomes much steeper with increasing ’initial intensity (Fig. 6). 
The validity of the exponential law for fluorescence of very short duration 
(i = 10”^ sec.) has not yet been proved, but it has been ascertained for 



a b 

Fig. 6. — Growth and decay of luminescence iit different primary 

{Dc Groot). 

a; 2ny (hyperbolic law), b: Canary glass (oxpuiienlial law). 


intensities 



- — •'TIME SEC. 


F*?- 7.— L<igarilhmic decay curv<rs for slow fluorescence, of uranyl salts (Vavilov 


ati<l I.ev.>jbin). 


1 I'rnnyl r<ibiiliiiiii 'iilfaii-, intru'iiy •■( 
ex<'Uitig liglii = 10 

2; Same, intcii.sity of cxciiiiig light = 0 I 
S; Uranyl milfalf. 


L'ranyl uinmuiiium (•arl)onatc (1-4 in 
ery.stalline state). 

5: Uranyl sulfate in HiSOi. 0.35 g. 
per cc. 


some cases of .<Ia\ver fliioicsceiice (uranyl .sall.s, canary gla^s, certaitt dye- 
stuffs in solid .'oliiiions, nil»y; (rig. 7).*-^ Since most synthetic pliosjtliors 


‘S, I. Vavilov ami \'. 1,. I.c-vshin, X /’IojhiI:. 48, 307 (1028); P. Pritigsheim aii> 
II. Vog'l.s. ./, rltini. till I, s. 36, 31-*» (lUJPi). al.'o <i. N and TIi T .\lagrt, ,/ J, 

Ckem. Soc., 63 . 3005 (1911; 


1 

/ft 
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are available only as microcrystalline powders, an exact confirmation of 
any decay law can hardly be expected for such a phosphor. The individ- 
ual grains need not have identical properties) and in the case of bimolecular 
reaction, the intensity of the primary irradiation differs for the grains at 
different depth within the powder. But the interdependence of the slope 
of the decay cur\'e and initial intensity shows that the luminescence 
processes of short duration in these phosphors are monomolecular in some 
cases and bimolecular in others.® Real phosphorescence, due to “electron 
trapping” with strong temperature dependence, should probably always 
have a strictly exponential decay. In a few cases in which a single crystal 
could be tested, this proved to be true (Fig, 8).’ In general, the decay 



Fig, 8. — Decay curves for a single crystal KCI (Tl) phosphor (Buenger and Flexig). 

1 ; Intensity as function of time. 2; Log intensity as function of time. 

curvo.s, sometimes lasting over several days, can best be represented by a 
superpo.sition of several exponential curves (c/. page ix, A 6). 

With regard to the mode of excitation there are, for practical applica- 
tions, only two really important types of luminescence; photoluminescence, 
produced by the absorption of light, to which the terms fiuorescence and 
phosphorescence are in general applied without further qualification, and 
electroluminescence, which is produced by the impacts of electrically 
cliargcd particles, such as electrons (cathode rays or j3-rays) or ions such 
a.s a-rays or canal rays. Chemiluminescence, resulting from certain 
chemical reactions, is rather interesting in itself, but not of great importance 
for the subjects treated in this book. The light emission of hot flames, as 
in a Bunsen flame containing sodium, is not chemiluminescence but ther- 
mal emission.® 

* R. P. Johnson, J. Optical Soc. A7n., 29, 387 (1939). 

’ W. Buenger and W. Flexig, Z. Phystk, 67, 42 (1931). 

« II. Kohn, Physik. Z., 16, 98 (1914). 
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Most books list a whole series of other types of luminescence: thermo- 
luminescence, bioluminescence, triboluminescence, crystalloluminescence, 
sonoluminescence, and others. The first of these is nothing else than phos- 
phorescence, excited previously by light absorption, radioactive radiation, 
etc., and “frozen in“ at room temperature. It is not produced, but only 
released, by heating. Bioluminescence is a special form of chemilumines- 
cence accompanying certain biological processes.* The mechanism of 
triboluminescence, which appears at its best when certain crystals are 
crushed, is not too clearly understood; probably it is a tertiary effect due 
to the production of minute electrical discharges. The same may be true 
for some of the other luminescent proces.<es mentioned above. 


3. Excitation of Luminescence 

In order to excite photolumine.sceuce, light must be ab.sorbed. Since 
light is absorbed and re-emitted in quanta of enei-gy hu, and .since no more 
energy can be emitted by the individual molecule than it ha.s absorbed, 
luminescence can have no greater frequency or shorter wave-length than 
the exciting light. The light emitted may be of smaller frequency or 
greater wave-length if the total amount of ab.sorhed energy is not given 
out in the emission process. In conilenscd systems, i.r., Hcpiids or solids, 
this condition will even be the rule, since the excited molecules are apt to 
transfer at least that part of tlie absorl>e<l energy which is contained in 
the oscillation of the nuclei to neighboring molecules in the foim of heat 
motion before the light emission tak<*s place (compare I'ig. 4), \ law 

found empirically by Stokes*® states that fluorescent light always has a 
gn'ater wave-length than th<‘ exciting light and its coj-resjjonding absorp- 
tion bands. This law was explained by Kinstein on tlie l)asis of ciuautum 
theory.'* Small transgre.-^sions of Stokes’ law are possible, if at higher 
temperatures heat energy is transferred from the surrounding molecules 
to the fluorescing molecule during the time it slays in the excited state. 

A sub.stance perfectly transparent to visililc light can never be excited 
to luminescence under the action of visilile light. It can, however, emit 
vi.siblo fluorescence wlien excited l>y an ultraviolet radiation which it can 
absorb. In generj-.l any phntoluminesecnt .substance has an absorption 
hand in the spectral region immediately adjoining the .short-wave limit of 
the luminescence liutid and even somewhat overlapping it. This follows 
from the energy Ic-vel sehenn- of Tig. 1. Hence red fluorescence i.s excited 
by orange light, yellow by green, green by blue, and violet by ultraviolet. 
Infrared fluore-seenci*. observed iti a few cases such as clilorophyll and .some 

’ K. Harvey. Livmtj LujM. I'rimeloo I niv. Press, Princeton IIMO. 

‘“O. Stokes. I'hil. Trnna.. 143. 10:1 (1«2k 

*' A. Lin.stoin, .■Inn. Fhyxik. 17, 132 (PJ0.5). 
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crystal phosphors/* can be excited by red light. Most photoluminescent 
substances have further absorption bands at shorter wave-lengths, that is, 
in the ultraviolet region. With very few exceptions the same fluorescence 
that is excited by light absorption in the long wave-length absorption band 
can also be excited by light of shorter wave-lengths" (Fig. 9) . The fluores- 
cence intensity radiated by a substance varies with the wave-length of the 
exciting light only in so far as the absorption power is a function of the 
wave-length. So-called specific excitation spectra are, in general, nothing 
but the characteristic absorption spectra of the photoluminescent sub- 
stance.” 

The absorption of x-rays is a function of the aforaic'number, or atomic 
weight, of the absorbing atoms. It is exceedingly small in the light atoms 



2200 600 3000 400 600 200 600 5000 400 600 

► WAVE LENGTH. A 

Fig. 9. — Absorption and fluorescence bands of fluorescein in alkaline solution. 

a: Absorption bands, b: Fluorescence bands. 

of which most organic substances consist. Only luminescent materials 
containing heavy atoms will emit bright fluorescence under x-ray excita- 
tion.* \Vhen fluorescence is excited by x-rays, the luminescence is actually 

* According tq Lenard's way of representing history, x*rays were not discovered 
by Lcnard because he used a fluorescent screen made of some aromatic ketone in his 
cathode ray experiments. Roentgen tried to repeat some of these experiments but 
could not get hold of one of the ketone screens and took instead a barium platino- 
cyanide screen, which became luminescent under the impact of the then unknown 
radiation. And thus it happened that the rays arc universally called Roentgen 
rays— only Lenard prefers to call them not Lcnard rays, but high frequency rays. 

E. W. Pauli, Ann. Ph/sik, 34, 739 (1911); Ch. Dh6r4 and 0. Biermacher, Compt 
rend., 203, 412 (1936). 

A. Jabloiiaki, Compl. rend. soc. polon. phy$., 7, 1 (1926): S. Szczeniowski, i5jd., 
6 60 (1927). 

E. Nichols and E. Merritt, Phys, Rev,, 11» 381 (1910); S. I. Vavilov, Phil. 

43, 307 (1922); E. J. Bowen, Proc. Roy. Soc. London, 164, 349 (1936). 
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a tertiary effect produced by secondary cathode rays set free by the 
Xrtays. 

In cathodoluminescence, the most important case of electrolumi- 
nescence, the primary energy is supplied by electrons which have acquired 
a high velocity under the action of an electrical field. The energy of an 
electron after a free fall through an accelerating potential of one volt is 
called an electron volt (e.i’.) 1 e.r. = l.G X 10"'- erg or 1.6 X 10"‘® watt sec. 

In order to excite a molecule from the ground .state Ett to an energy level 
E\ so that it may be able to emit radiation of frequency v, the energy of the 

fiC 

electron must be at least equal to /jv = . The wave-length corresponding 

A 

to the energy of one e.v. is 12395 A. This “Franck-IIert 2 law”'^ is analo- 
gous to Stokes’ law in photoluminesccnce and plays an important part in 
the study of the electroluminescence of gases. These problems, however, 
imply a complete treatment of electrical discharges through gases and are 
beyond the scope of our hook. Though the discharge of electricity through 
a gas produces luminescence radiation itself, ga.s discharge lamps will be 
mentioned here only as light sources used for the production of luminescence 
in other substances. 

In the cathodoluminescence of solids the Franck-Herlz law hardly needs 
to be taken into account because in all practical ca.scs the voltage applied 
is much larger than the minimum voltage required to provide the excitation 
energy. 

Of minor importance for technical application is the elect rolumine.scence 
produced by ions in canal rays. It hxs not been used for any other pur- 
po.ses than the study of the charged ions themselves in the so-called mass 
spectrographs. The .'sajue is true for the excitation of lumine.sccncc by 

or 7 -rays of radioactive substances. However, fluorescence excited by 
a-particlcs, doubly ionized helium atoms emitted bj' radioactive sub- 
stances, finds a widespread u.'c in .«elf-luminous paint.s. Here, as well as 
in the case of x-ray excitation, the primary rays excite the luminescent 
centers not directly but by means of sccondarj’ cathode rays, 

4. Efficiency and Intensity 

In all cases where luminescence is used as a light source, the ^pieslion of 
economy becomes important. Thoie are three different ways of defining 
the efficiency of a luminescent source of light: the luminous efficiency, the 
energy efficiency, and the quantum efficiency. Of these the first has 
greatest importance from the technical point of view, the la-st is most 
important from the theoretical point of view. 

A. The luminous efficiency i.s the ratio of the total light output to the 


“ J. Franck and G. Hertz, Verhandl. deul. pkya. Ges., 16, 613 (1913). 
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total energy input \vithout questioning which part of this energy is absorbed 
by the luminescent material or lost by reflection, transmission, or by apy 
other process. The primary energy per second is usually given in watts 
or ergs/sec. The light output is not defined in a real energy unit but in 
lumens. The number of lumens present in the radiatiomis the resultant 
of three components: the total energy of the emitted light, its spectral 



Fig. 10. — Spectral energy distribution and visibility curve for three phosphors 

(Leverenz). 

energy distribution \ . a u j 

visibility ) fluorescence band. 

1. ZnS(80%) CdS(20%) Ag(10-<) 

2. ZnS(50%) CdS(50%) Ag(10-‘) 

3. ZnS(20%) CdS(80%) Ag(10-*) 

distribution, and the sensitivity curve of the human eye (Fig. 10, also 
Fig. 53, page 140). 

An amount of energy emitted in the green or yellow part of the spectrum 
corre.sponds to a much greater number of lumens than the same amount 
of energy if the light is red or violet. Infrared or ultraviolet light doss not 
contribute at all to the luminous efficiency. If all primary energy were 

o 

transformed into light of 5550 A, maximum of the eye sensitivity curve, 
the highe.st luminous efficiency obtainable would be 621 lumens per watt. 
Table 1 gives under the heading A the wave-lengths of the visible 
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spectrum in Angstrom units, under I the relative intensities in the spectrum 
of daylight corresponding to these wave-lengths' under V their relative 
visibility,* and under I X V the relative contribution of each wave-length 
to the total visible light output. Taking into account only those wave- 
lengths for which the visibility exceeds 2% from 6800 to 4400 A, a light 
source whose emission spectrum could be matched exactly to daylight, 
with no energy in the extreme red or violet part of the spectrum, would 
have only 42% of the maximum luminous efficiency. One watt input 
produces 621 lumens of pure green radiation but only 261 lumens of day- 
light. 

It must be kept in mind tliat daylight, white light, and almost every 
colored light arc purely subjective concepts (Fig. 10). \Miitc light can be 


Table I 


Relative Intensity I and Visibility V oe Daylight Radiation in Different 

Spectral Regions'* 


A 

1 

/ 

V 

/ X y 

1 ^ 

/ 

l' 

; X V 

7200 

75 


0.075 

5600 

98 

1.00 

98 

7000 

79 

msM 

0.31 

.‘>400 

99 

0.95 

94 

6S00 

83 


1.6C 

5200 

99 

0.71 

70 

6600 

87 

■fH 

5.22 

5000 

100 

0.32 

32 

6400 

89 

0.1$ 

16.0 1 

4800 1 

97 

0.14 

13.5 

6200 

92 

0.3S 

3>.0 

mmm 


1 O.OG 

5.4 

6000 

94 

0.63 ; 

50.0 


76 

mmM 

1.5 

5800 

96 i 

0.87 

S3. 5 

m&M 

65 


0.26 


1 j 

1 


1 

4000 


0 0004 



obtained by very different combinations of colored light.**, for in'*tance by 
the supcrpo.sition of two complementary spectral colors. Table II gives 
three examples of such combinations: Ei and /s': arc the relative intensities; 

and Lj are the relatise luminosities; Xj and X? arc the wave-length.s 
of the two components.'^ A lamp omitting any one of these superposed 
radiations would appear white to the eye and so would a white screen il- 
luminated by the lamp. Colored objorts, howovor, would by no mcan.s 
show their characteristic “body colors” a.s in real dayliglit. They would, 
instead, reflect exclu.sively the two colors contained in the spectrum of the 
lamp or appear Idaek. In onler to avoid this effect the “white light” 

• These data refer only to cone vision (plioto(>ie vision) .it normal brightnesses 
above 1 millilambert. For very low brightness compare pa^e 13'.). 


A’al/. liur. oj Slandards V. S. Misc. 114, IC; J . Oplical Soc. .lw,,30,.')5 

(1940). 

” H. \V, Leverenz, J. Optical Svc. Am., 30 , 309 (1940). 
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must have a spectral composition as close as possible to that of the “day- 
light” of Table I. This fact is important not only for the problem of 
white light illumination, but also for television in natural colors (compare 
page 149).* 

In the case of photoluminescence it would be illogical to measure the 
influx of primary radiation in lumens since the visibility of the exciting 
radiation is in no way connected with its exciting power. The number of 
lumens contributed by ultraviolet light would always be zero. For this 
reason the introduction of a new intensity unit for near ultraviolet radiation 
producing luminescence has been proposed.'* This unit, called a “fluoren,” 
would be defined as the quantity of radiation of wave-length 3650 A pro- 
ducing a defined luminescence intensity on a standard luminescent screen, 
e.g., a certain kind of canary glass. The application of the unit would, of 
course, be limited to the excitation of fluorescence by light of this one 

Table II” 

Pboduct:on of White Light by Sopbbposition of Two Monochbouatic 
Hadiations of Intensities Ex and Et, of Relative Luminosities Li and 

Li, AND of Wave-Lengths Xi and Xj 



X) 

£) 

1 

Li 

Lt 

LuineDft 
per watt 

Per ceot 
eScieocy 

4590 (blue) 

5720 (yellow- ' 

green) 

39.5 

60.5 

3.9 

96.1 

i 

366 

58.9 

4775 (green-blue) 

5765 (yellow) 

49.5 


12.3 

87.7 

323 

51.7 

4000 (blue-green) 

5910 (orange) 

65.3 

1 34.7 

32.9 

67.1 

249 

39.6 


wave-length, since the efficiency of ultraviolet light in producing lumi- 
nescence may vary with its wave-length.* Since this “fluoren,” however, 
must be determined by laboratory measurements involving fractions of a 
watt, it would apparently be much simpler to retain the watt or milliwatt 
itself as the unit of luminescence exciting power. This procedure is not 
only equally applicable to light of every wave-length, but it is in agreement 
with the definition of luminous efficiency for every other kind of light 
production, which is ahvays measured in lumens per watt. 

B. The energy yield is the ratio of the energy of the luminescent 
light, in ergs or watt seconds, to the energy absorbed by the luminescent 

• Though for many purposes fluorescence is usually excited by black light lamps 
with the wave-iength 3650 A, the great importance of short wave-length excitation by 
the mercury resonance line and even the neon resonance lines must be taken into 
account. 


” J. 0. Kraehnbuchl and H. J. Chanan, Trans. Ilium. Eng., Soc., 38, 151 (1941). 
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material, not accounting for the part of the primary energy rejected or 
transmitted.* 

C. The quantum yield Qis the ratio of the number of photons contained 
in the emitted light to the number of photons absorbed by the luminescent 
material. 

One absorbed photon never produces more tlian one excited mole- 
cule. Since the energy of the individual photon incroa.«es luopor- 
tionally to its frequency, it follows that even when Q = 1, the energy 
yield is in general smaller than 1. For: 


* 



wncre X, and X* are the wave-lengths of absorbed and emitted light re- 
spectively .f From the viewpoint of economy in photoluminescence it 
is therefore desirable that the ratio X./X,. be not too small, or that the 
wave-length of the exciting light be not too far down in the ultraviolet 

part of the spcct rum . 

The total energy- emitted by an incandescent body can be calculated from 
the intensity emitted in a given direction by means of Lambert’s cosine 
law. According to this law the intrinsic intensity of a surface remains 
constant when it is foreshortened by being viewed at an oblique angle. 
Lambert’s law has to be replaced by Lommel’s law for the light emission 
from a smooth surface of a transparent fluorescent solid or liquid like 
canary glass or an aqueous aesculin solution. In this case the intrinsic 
intensity increases rapidly with increasing angle of observation. If the 
fluorescence is viewed “backwards,” from the side of the impinging primary 
radiation, this effect is to a large part obscured by the total reflection of the 
fluorescent light at the boundary between gla-ss or liquid and air, and the 
function which connect.s the intensity and the angle of obseiwation becomes 
very complicated. The .same i.s true if the fluorescent body is more or 
less turbid and ha.s a rough surface, as is the ca.se for phosphorescent paints. 
For such a paint the intrin.-^ic intensity, compared to the brightness ob- 
served in a direction perpendicular to tlie .''Urface, i.s larger than it would 
be if calculated from Lamberl’s law, up to an angle of 00°. .\t largca- 

angles it falls ra{)idly below the Lambert law value, 'riius the total energy 

• AUIioukIi tliis IS Ihr rorro* ! «lcfiiiitioii of tlio yicM. it is :it liin<-.s not easy to I'md 
the iiccesaiiry datfi; tia-n the yield is measured hy th<r ratio of emitted to iintjinfiiiii; 
energy (in.stc.'id of absorbed energy). 

t Only in tl»e praC ieally nninteresling case of resonance radiation, when X, = 
X„ arc <1> and Q identical. 


'= H. \V. Wood, I'hil. M‘)i/ . 117, 82 F. Lomtn. l, .Wui. I'hi/sik, 10, Hit (1880). 
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emitted over the half sphere is almost exactly the same as that from an 
incandescent body which has the same brightness when viewed perpendicu- 
larly.*® If LommePs law were valid, the total intensity would be four 
times as large under these conditions. For a transparent fluorescent lac- 
quer some intermediate law probably has to be applied. At any rate it is 
not safe to calculate the total intensity emitted by a fluorescent body 
from measurements made under some specific angle %vithout having as- 
certained the real angular distribution of intensities in this special case. 

The number of excited molecules is always small compared to the 
total number of unexcited molecules when the duration of luminescence is 
short, as in all cases of normal fluorescence, in most cases of recombination 
afterglow and even in some kinds of short-lived phosphorescence. Under 
these circumstances the luminescence intensity is proportional to the 
intensity of the primary radiation up to the highest values.* However, if 
the yield of a recombination afterglow is well below 100% because of the 
presence of some quenching mechanism like the transfer of the absorbed 
energy into heat, and if this second effect does not depend on the square of 
the number of excited centers, then the luminescence intensity will increase 
more than proportionally \vith the intensity of the exciting light. Riehl 
observed this behavior with silver activated zinc sulfide phosphors, for 
which the luminescence yield was nearly doubled when the primary light 
intensity was increased from 1 to 400. Similar, but smaller effects of the 
same kind were obtained \vith other ZnS phosphors, especially at higher 
temperatures, where the thermal quenching by internal conversion be- 
comes stronger. According to Riehl this phenomenon may be of some 
importance for the light production in commercial fluorescent lamps. 
On the other hand a saturation of excitation is reached after a definite 
absorption of primary energy in the case of phosphorescence of slow decay. 
This saturation is apparently due to the complete filling of all electron 
traps or quasistable levels. f The phosphor, as far as its afterglow is con- 
cerned, cannot be excited beyond this state. Since there is only a certain 
maximum energy .stored up in the phosphor, only this energy can be 
re-emitted. The .stronger the initial intensity of the afterglow, the sooner 
the whole energy will be spent. Very long afterglow and very great 
brightness are two qualities which cannot be found in the same phosphor. 

• An exception, which is observed for cathode ray excitation, is explained on 
page 29. 

t 111 general the “electron traps” are much less numerous than the molecules able 
to absorb exciting radiation in a phosphor. Thus only the phosphorescence of the 
phosphor is saturated, while its fluorescence may be increased farther. 


» M, Schilling, Z. tech. Physik. 31, 750 (1941). 
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A phosphor can be fully excited or “saturated” in the same way by a strong 
primary source of radiation within a short period of time or by a weaker 
primary source in a correspondingly longer time. Tl)o maximum “light 
sum” stored in the pho.sphor will be always the same. As a rule the longer 
the full excitation by a given primary light source takes, the slower the 
phosphorescence decays after the end of the excitation.* 

Even if the fluorescence yield does not depend on the concentration of 
luminescent molecules or luminescent centers, the intensityt of the light 
emitted by the. unit volume, or by the unit surface, must bo a function 
of this concentration. At low concentrations the alxsorplion of the excit- 
ing radiation is weak. Hence I will he small, and in a transparent liquid or 
solid solution, it will be very nearly constant along the primary beam. 
At higher concentrations the distance to which the exciting radiation 
penetrates becomes shorter. The depth of the luminc-scent layer con- 
tracts closer and clo.ser to the surface, and, though the intensity of light 
emitted by the smallest volumes close to the surface may still increase, the 
total light outj^ut, when observed from the side whence the primary radia- 
tion impinge.'', will remain constant. 

. The hypothesis, however, tliat Q .should be independent of the concen- 
tration c, seem.s almost never to hold true for the fluorescence of liquid 
solutions or for the activated mineral phosphors. In most cases the yield 

very lowc.st concentrations.*' It decrea-ses, slowly 
at first, then rather sharply with increasing concent rat io!i. The theoretical 
reason for this very general law is not yet well understood, but its practical 
consequence is an intensity curve that shows a very pronounee.l maximum 


•Compare page I.3G. 

t In i)lii)tomctr.v llic term "inten.sity” i.s ti.se<l for (Kiint ligtit, sources only. For 
two-dimensional aiirfacc.s tlic term “brig}itne.ss'' is employed. For the t»)tal emis- 
sion of a tlirec-dimcnsiona) volume no special terminology lias lieen introduced. 
The use of the term “brightnc-ss,” if it is measured in lamberts (with the dimension 
of lumens per cm.’ per .'iteradian), assumes the validity of Laml«Tt'.s cosine law. 
Since thi.s law states that brighlnc.ss i.s indepeixlent of the angle of observation, it 
i.s advisable to avoid it in connection witli measurement of lliiorcscema! intensities. 
Intensity as used here is<iefinoil as the total energy radiated r’er unit volume. 

y\8 a matter of fart, photometry d<»c'.s not determine directly cither (he britthlness 
or intensity of a light source, but rather tlie illumination of lla- photometer surface, 
frotii this value, the g<rornelrin rati«».s, and the knowledge of th<- ilirertional (angular) 
di.stribution of the rarliation from the light source, the total intensity emitted by ji 
luminescent volume can be d<Tived. 'I'his intensity, dividisl by the energy ab.sorbod 
in the same volmni . is the elbrienry. 

Table III, 27, may j>rove useful for the eonvcrsioii of the differeut units 
used in original papers for the definition of intensity or brightness. 


»' S. I. Vavilov, I’hyuk, 31, 750 (t025). 
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at a given concentration, the so-called optimum concentration* (Figs. 
11 and 12). 



LOG m+) 


I 


Fig. 11.— Fluorescence intensity and fluorescence yield of a KCI-TICI solution as a 

function of TlCl concentration. 

1; Apparent intensity I. 2 : Relative fluorescence yield 4>r (Pringsheim and Vogels) 



Fjg 12.— Apparent fluorescence intensity of riboflavin as function of concentration 

(Karrer and Fritsebe). 

* The phenomenon is easily observed by comparing the fluorescence of two dye- 
stuff solutions, one saturated and the other diluted 100 times. The results of this ex- 
periment cannot be simply explained by the fact that the exciting radiation 
trates less with increasing concentration and consequently fails to activate the 
deeper layers in the solution. 
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For a given material the quantum yield of photoluminescence Q is in 
general independent of the wave-length of the primary light over a large 

Table III 

Conversion of Photometric Units 


Foot- 

cacdles. 


Lumens per 
sq. cm.. . . 


Milli- 

lamberts.. . 


Foot- 

lamberts.. . 


Fooi- 

Lumens 

Milli- 

Foot- 


per sq. cm. 

> 

Uznberls 

lamberts 


Candles per 


Sq. ft. Sq. in. Sq. cm. 


!• * 0.001076 * 0.269 * 0.25 = 0.0796 = 0.00055 * 0»0000857 


= 4»r 


929 = 1 = 25.0 = 23.2 * 7.4 * 0.0514 = 0,00796 


3.716 = 0.004 = 1 


0.929 = 0.295 * 0.00205 = 0.000318 


0.00435 = 1.076 * 1 


0.318 * 0.00221 * 0.000342 
= l/» 



sq.ft. 

12.56 = 0.0137 

» 3.38 » 3.142 » 

1 

- 0.00694 = 0.00108 

Can- 


= 4>r 

— IT 



dies 

per 

sq. in. 

1808 *1.97 

* 487 = 452 = 

144 

* 1 = 0.155 

sq. cm. 

11664 = 12.66 

= 3142 = 2916 = 

929 

= 6.451 * 1 


• 1 foyt-candic = 1 lumen per square foot = } candle per square foot. I HK 
(Hefner candle) * 0.9 inlcrnationa) candles. 


spectral range. Q remain.s constant as long a.s the exciting radiation has a 
wave-length shorter than the peak of the last absorption band.** For 
exciting light of greater wave-longtlLs the rpiantum yield dccrca-ses rapidlyt 
(Fig. 13). The quantum yield is strongly influenced by external condi- 
tions such as temperature, nature of the? solvent, presence of quenching 

t This behavior cannot be explained by a reference to tlte energy level scheme of 
Fig. 4. .\bsorptit)n of long wave-length light may be very improbable because it cun 
only oeeiir in molecules of higli vibruliunal energy in the electronic groun<l state 
iV . But if a molecule is rai.sed by such an absorption proce.ss into the electronic ex- 
cited state El, it b.a.s exactly the same chance to emit a light i)uantum as any other 
excited molecule. However, the cxten.sion of the absorption band towards greater 
wave-lengths may be due to another reason, the perturijalion of the energy states of 
the absorbing molecule by the action of solvent molecules. If the.se perturbations 
persist over a sudicient period of time after the excitation, the probability of a con- 
version of the absorbed energy into heat i.s larger for these exeitc<l molecules than 
for others. Hence their fluorescence yield is smaller. 


® S. I. Vavilov, Z. Physik, 42 , 311 (1927); G. R. Harrison and P. A. Leighton, 
Phya. Rev. ,36, 899 (1931); also E. J. Bowen, Proc. Roy.Soc. London, 154, 349 (1936). 
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substances, and so on. The color of the luminescent light of different 
materials is in no way connected with the absolute values of Q. The yield 
can be high or low for a blue fluorescence as well as for a red fluorescence. 
Q varies between extremely wide limits, i.e., from 100% to less than 1%, 
even for similar substances under like external conditions. Table IV 
gives some examples; none of the values claims great accuracy. 

Table IV 


Quantum Yield of Protoluminescence 
Liquid solutions are at room temperature 


SubsUoce 

SoWeDt 

Color oi Suoresceoce 

Q 

Uranin** 

Alcohol 

Green yellow 

70 

Uranin^^ 

Water 

Green yellow 

84 

Eosin*^ 

1 1 

Water 

Yellow 

16 

Erythrosin” 

Water 

Orange 

2 

Rubrene^* 

Benzene 

Red 

*100 

Anthracene** 

Benzene 

Blue 

29 

Benzene** 

Hexane 

U.V. 

11 

Fluorene*' 

Hexane 

U.V. 

*100 

Methylene blue” 

Alcohol 

Red 

<2 

Anthracene** 

Pure crystal 

Violet 

*100 

Napthacene** . . 

Pure crystal 

Yellow 

4 

Napthacene** 

Dissolved in an- 
thracene 

Yellow green 

*100 

Ethioporphyrin*^ 

Ether 

Red 

1 

Rhodamine B*® 

Cellulose acetate 

Red 

62 

1 

Rhodamine B** 

Gelatin 

Red 

i 21 

KiPtfCN): « 

Water 

Green 

1 4-5 

KTICI” 

Crystals 

U.V. and blue 

80 

ZnS(Cu) or (Ag)»» 

Crystals 

Green (blue) 

*100 

ZnsSiO. (Mn)« ! 

Crystals 

Green 

25t-70 

ZnBcSiO.(Mn)«-» 

Crystals 

Orange 

25-55 

CdSiOj 

Crystals 

Pink yellow 

55 

CaWO« ” 

Crystals 

Blue 

70 

CdB,0« ” 

Crystals 

Pink 

66 


* At — 21‘’C. in alcohol, Q = 21 per cent, 
t Under excitation by the No resonance lines, Q = 25 per cent. 


» S. I. Vavilov. Z. Physik, 22, 26G (1<J24). 

E. J. Bowen and .A. H. Williams, Trans. Faraday Soc., 36, 765 (1939). 
** H. Jlellstrocm, Arkiv Kemi, Miner. Geol. Stockholm, A12, 23 (1937). 
** G. R. Fonda, J. Optical Soc. Am., 26, 316 (1930). 

J. A. Khvostikov, Physik. Z. Sowjelunion, 9, 210 (1936). 

** W. Buengcr, Z. Physik, 66, 711 (1938). 

” N. Rielil, Ann. Physik, 29, 636 (1937). 

“ R. N. Thayer and B.T. Barnes, J .Optical Soc. Am., 22, 131 (1939). 
A. Ruettenauer, Z. tech. Physik, 19, 148 (1938). 
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2400 3000 4000 5000 

k 

Fig. 13. — Quantum yield of a fluorescein solution in water (Vavilov). 

In photolurainescence the energy of the primary radiation i.s defined by 
the number of photons per sq. cm. and by their frequency; in cathodolu- 
minescence the corresponding factors are the current den.sity and tiie kinetic 
energy of the individual electrons, the latter depending on applied voltage 
(V). While a photon, whatever its frequency, can only transfer it.s energy 
to one single molecule and so excite it, an electron of great kinetic energy 
can lose its energy stepwise and excite a great number of molccule.s. Hence 
the quantum yield Q has no significance in this case. 

For small current densities (i smaller than five microamp. i)er sq. cm.) 
and accelerating voltages below 1000 volts the fluorescence brightness of a 
Willemite screen is proportional to L and 

L * const. tV* 

The general law connecting the fluorescence intensity L with i and V 
has the form: 


L » /(i)(r - I’c)" 

where the “dead voltage” or “threshold voltage” Vo varies for diflercnt 
phosphors from 0 to several hundred volts; n is a constant that range.s in 
value from 1 to 3. 'I'hc function f{i) is independent of V. The cur\ c.s 
representing L as a function of i have the .^ame trend for all values of 
V. For small current densities they are very nearly .straight lines and the 
efficiency •f* is constant (Fig. 1 1). .Vt higher values of i, L tends towards 
a maximum or saturation value while I* decrea.ses.^^ (Fig. If),) p'or 
Willemite the efficiency at H)”’ amp/cm: is only about 2% of tlu‘ efficiency 
at 10*' amp. rm.- Tlie value of the current den.'^ity at which fluor- 
escence yield begins to decrease varies widely for dilTerent phosphor.s. I'or 
example, the value for Willemite is about 10“® amp. per sq. cm.; in .some 
zinc sulfide pho.sphors it is a hundred times as large. The saturation of the 


” Th. B. Brown, J. Optical Sue. Am.. 27, 180 (t937). 
” W. B. Nottingham. J. Applied Phys., 10, 73 (l'J30), 
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'phosphorescence of the same materials is usually reached at much smaller 
current densities. The existence of a saturation value for the luminescence 



Fig. 14.^Light output L as function of screen potential in cathode luminescence for 

different current densities (Martin and Headrick). 

1: Current density i » 200 amp. per 3: i = 50 amp. per square cm. 

square cm. 4: i 10 amp. per square cm. 

2: i s 150 amp. per square cm. 

yield can be explained in both cases by the same reasoning: when no 
centers are left unexcited, the luminescence cannot be further increased. 
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SaturatloTf is reached at a relatively low current density if at least one of 
three conditions is fulfilled; if there are few luminescent centers, if the 
probability of the excitation bj' the single impinging electron is high, or 
if the mean life of the excited state is long. 

For the reasons stated above, the increase of luminescence intensity 
with increasing voltage has no analogue in photoluminescence. Electrons 
of higher energy penetrate deeper into the interior of the phosphor and arc 
thus able to excite a greater number of centers along their path.®^ If the 
luminescence intensity of a zinc sulfide phosphor is enhanced by raising the 



Fig. 15. — Light output L of different pliospliors at constant screen voltage of 2000 
volts as function of the current density (L in arbitrary units) 

(Martin and Headrick). 

1: Zinc beryllium .silicate 2: Zinc sulfide-silver 

3: Calcium tungstate. 


current density, the .slope of flu; ty|)ical hyperbolic (birnolecular) decay 
curve of the afterglow becomes steeper. If the increase of luminescence 
inteasily is due to a rise of the voltage, the slope? of (ho decay curve re- 
mains unaltered. In f h<* first case, (lie density of the exttitod centers, their 
number per unit volume is increased, in the second case-, the volume within 
which centers are cxcite<l is enlarged without (^hanging the piol)abiIity of 


recombination. 

The absolute yield of eathodolurninescence is never very large since a 
great jiart of the primary energy is always converted into heat ami s(!cond- 
ary el(?ctron emission. Few measurements of the energy yield are 


S. T. Martin and I.. B. Headrick, J. Ap/tlied l‘h’js., 10, 1100 (1930). 
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available, and these do not agree too well with each other. The values 
depend, to a high degree, on the nature of the screen and on the voltage 
applied to the tube. On the average the yield is of the order of a few per 
cent, rarely exceeding 10%.“ As for the luminous eflBciency, a series of 
results have been published for different screens with the parameters V = 
4000 volts, t = 1.25 microamps, per sq. cm. The efficiencies vary from 
0.23 lumens/watt for CaWO^ to 3.5 lumens/watt for ZnS. 

The efficiency of luminescence excited by x-rays is of the same order of 
magnitude.^® The most recent and most accurate measurements give 
yields of about 3% for a commercial screen of German manufacture, 
N eossal. The yield is practically independent of the hardness of the x-rays 
\vithin a range in which the absorption of the rays decreases nearly to one- 
half (Table V). The wave-length of the light emitted by the screen was 
5260 A. Hence a yield of 3% corresponds to a luminous efficiency of 14.5 
lumens per watt. These data refer to the “technically useful” light yield, 
as observed from the back of the screen. Not only is the light absorption 


Table V 

Floobescence YiELr or an X-Ray Screen 


Voltage of tube \n kv.. l 

Hi 

100 

120 

140 

160 

Absorption in screen 


0.33 

0.28 

0.24 

0.23 

Energy yield in per cent 

mi 

3.2 

2.9 1 

3.0 

3.0 


within the .screen neglected, but also the energy radiated in the opposite 
direction. Therefore the real efficiency' might be three to four times 
larger.* 

Considering the relatively low efficiency of luminescence excited by 
X- and cathode rays, it is rather astonishing that the luminescence yield of 
ZnS phosphors under a-ray bombardment is as high as 80% and perhaps 
even more.” 

5. Chemical Reactions and Other Phenomena Connected with 

Luminescence 

Many luminescent materials deteriorate more or less rapidly under the 
action of radiation which excites fluorescence. In general this deteriora- 
tion is characterized by a decrease of luminescence and some change of 

* This probably applies also to some results published for the yield of cathode ray 
luminescence. 


« W. Kodatzky, A. Schleede and F. Schroeder. Phtjsik. Z., 27, 392 (1926); M. v. 
Ardenne, Z. tech. Phij$ik, 16, 61 (1935). 

>> 0. Gaertner, ibid., 16, 9 (1935); M. Wiedemann, ibid., 22, 27 (1941). 

« X. Riehl and P. M. Wolf. Ann. Phuaik, 11, 108 (1931). 









CHEMICAL REACTIONS 


33 


body color, as the fading of a dyestuff or darkening of a colorless or light- 
colored substance. It is due to a chemical transformation of the lumi- 
nescent material. 

For a time the hypothesis prevailed that in every case luminescence is 
only a secondary phenomenon accompanying some sort of chemical reac- 
tion.* This hypothesis was applied, for instance, by J. Perrin in order to 
explain the fluorescence of dye-stuff solutions which were slowly bleached 
under the action of the exciting light.®* The hypothesis seemed especially 
useful for the explanation of the so-called scintillations which are observed 
when a particles impinge on zinc suUide screens and provide a method for 
the counting of a particles. Every individual a particle impinging on the 
fluorescent screen producas a sharply localized burst of light emission which 
was ascribed to the “breaking up’’ of .some kind of “centers” in the material 
of the screen. The high efficiency of a-ray fluorescence, however, and the 
relatively slow rate of deterioration of the screcas proves that it is not 
possible that every emission proce.ss is linked to the destruction of an 
emitting center. 

A chemical transformation of luminescent molecules accompanying the 
excitation of fluorescence can be produced by tliree different processes. 

-1, In the most frequent case.s of photolumincsceneo the ab.sorption of 
the exciting light brings the molecule directly into the electronic .state from 
which the emi.ssion takes place (compare Fig. 2). While in tliis state the 
molecule is highly reactive, and if a .s\ibstancc is luesent witli which it can 
react, this reaction, r.y., an oxidation, may ensue before the molecule re- 
turns spontancou>ly to the ground state with fluorescence emi.‘<sion. Thus 
the reacting molecules are ■‘quenclied” am.1 have no part in the llviores- 
ccnce.t In most cases the reaction products, c.g., the oxidizerd dyestuff’s 
are stable, and if they are not luminescent they are lo>t completely- for 
further excitation processc's. I’A-entually the solution fade.'; and its flu- 


orescing power disappears. If the reaction prodmff is un.^table, the process 
is nwei-sed in tlio rlark and the fluorescing jjower is restored. There is no 


* Id real cliemiluiiunesceiicc llir li^^hl einisHioii is fre<|«K*iitly dui* to nudcrules u liicli 
do not partake in the react ion. 'Die enerKV set fnte liy the reaelion is transferred 
lion-reacting molecules. This stntonieut is proved by the fuel that the liiniineseenee 
spcctrutn is churaeleristic of tl ''se ami rnit of the reaction protlurls. 

t Nevert helesH it is not iiiiTe eoincidi*iice that lliic)re.sia*ut eompoumls are in general 
very sensitive photoeheinieally. Tliey owe* both projjerties to tlie fact tliat they are 
able to remain in an e\eih’<l slate a eomparativfdy long time uiihouf converting tlie 
absorbed em*rgy into heat. 'I he same* property enables them to transfer tliis laimgv 
to some otlior compound in :i '*colM.si<m of the second kind ' aiel inak<*s tlietn go<id 
photochoniicfil sens.iizers. Here again it is not the fluoreseema* i4sr'lf \vhi<di jdays a 
part in the energy transfer. As a matter of fact the best sensitizers arc not the 
dyestuffs with tin* highest IbiorcHcerice yicld.s. 


J. Perrin, Ann. chim. ph>/s.y 10. 133 (IfllS) and 11. 3 (lOiy) 
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permanent fading, but only a “fatigue.” The fading reaction can be 
inhibited if the reacting substance, most frequently oxygen, is removed.* 

B. If photoluminescence is produced by light of shorter wave-length, 
the absorbing molecule is raised into an excited state of greater energy. 

It is possible that this energy is sufficient to break up the molecule by 
dissociation, and that from the ex’cited state either return to the ground 
state with fluorescence or dissociation has a certain probability. Such 
molecular states are known as states of predissociation. In this case the 
eventual destruction of the fluorescence power does not depend upon the 
presence of any reacting foreign molecules. The fluorescent molecules, 
however, are again those which are not decomposed.f 

Examples of these two types of fading processes are numerous amongst 
both organic compounds and inorganic phosphors. For example an 
aqueous solution of aesculin in contact with the atmosphere loses about 
60 per cent of its fluorescing power when exposed in a glass tube to the 
radiation of a mercurj' arc for 1 hour. The active wave-lengths are longer 
than 3300 A in this case. In an evacuated glass tube the fluorescence 
power remains constant during an irradiation period of thirty hours. In 
a quartz tube evacuated and sealed off, the intensity of the fluorescence 
decreases after two hours to 19 per cent of its initial value. This loss is due 
to the action of the mercury lines of wave-lengths below 3300 A.** As a 
general rule it can be stated that oiganic and inorganic fluorescent ma- 
terials are much less subject to fading if they are carefully protected from 
oxygen and in some cases from water ^'apor. 

C. If luminescence is excited by x-rays, cathode rays or a-rays, the pri- 
mary effect is, as already stated, a complete ejection of electrons from their 
normal location in the crystal lattice and thus a partial local destruction of 
this lattice,! However, these ionization processes are not the immediate 
source of light emission and the fluorescing “centers” excited by the 
secondary electrons are not destroyed but take part in many consecutive 
emission processes. 

At high cathode ray densities (700 X 10“* amp. per sq. cm.), screens of 
CaWOi, Zn 2 SiO<, or ZnS are blackened in a relatively short time (half an 
hour) of continuous irradiation, apparently by the dislodging of free 

* If the photochemical reaction is a polymerization of the fluorescing molecules as 
in the formation of dianthracene from anthracene, it cannot be inhibited by purifica- 
tion, though it may be reduced by decreasing the concentration. 

t Absorption of light of still shorter wave-length leading exclusively to dissociation 
and not at all to fluorescence is of no interest in this connection. 

t Only inorganic crystal phosphors arc practically important for this kind of 
luminescence. 


” J. C. McLennan and F. M. Cale, Proc. Roy. Soc. London, A102, 256 (1922); N. C. 
Beese and J. W. Marden, J. Optical Soc. Am., 32, 317 (1942). 
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metal atoms from the lattice. Simultaneously the luminosity decreases, 
perhaps in consequence of the heat produced by the impinging electrons. 
Both fatigue cfTeets arc reversible. When the electron bombardment is 
interrupted the screen recovers its initial luminosity and color.^® A per- 
manent deterioration occurs only after several hundred or even thousand 
hours, depending upon the intensity of the irradiation. 

Further p’ropertics of lumine.scent materials and phenomena connected 
\\ith the production of luminescence such as idmtoconductivity, influence 
of electric and magnetic fields, polarization of the radiation, and the exact 
laws of growth and decay are very important for the dei elopment of a com- 
plete theory, but are of no special interest for practical applications and 
shall therefore not be taken into consideration here. Other phenomena 
like the quenching of fluorescence by certain suKstances or by infrared 
light will be dealt with in later chapters. 


»W. Grotheer, Z. Phijsik, 112. 541 (1939). 



CHAPTER III 

EXPERIMENTAL TECHNIQUE 


I. Sources of Primary Radiation 
a. Light Sources for Photoluminescence 

The luminescence of different materials is excited by light of very differ- 
ent wave-lengths, and according to the spectral region wanted, different 
light sources must be employed. 

The most useful of all sources are quartz mercury arc lamps of which a 
great many models are now manufactured. The modern mercury lamps, 
filled with argon at a pressure of a few mm. Hg and containing only a small 
quantity of mercury, have several advantages over the older all mercury 
arc lamps of the Cooper-He^vitt type. The lamps need not be tilted or 
moved to strike the arc, they are switched on like any other electric lamp. 
They require a much shorter time to reach their full intensity. If the 
current is maintained constant their emission is constant over long periods 
of time within one per cent. The heat radiation is relatively small. 
Though they need a higher voltage than that provided by the normal 
house lighting circuits, this is not too serious a disadvantage since they are 
usually sold together with a small and easily transportable transformer. 
^Vhen switched off after a period of burning, they must cool down for a 
while before they can be struck anew. The same is true for the Cooper- 
Hewitt lamps. 

For many purposes the small commercial H4 lamp of the General Electric 
Company, Westinghouse Company and other firms designed for illumina- 
tion will be sufficient, but if the far ultraviolet part of the spectrum is de- 
sired the outer glass tube has to be discarded. For higher intensities the 
analytic quartz lamps made by the Hanovia Company and similar burners 
will prove themselves adequate (Fig. 16, a and b). The very highest 
energy from a small surface is provided by the watercooled high pressure 
mercury lamps. At the other end of the scale we find a small model, for 
outdoor use with a transformer operated by a 6-volt battery and vibrator. 

The spectrum of the mercury arc (Fig. 17) consists of a number of strong 
lines in the ultraviolet region, the strongest of which are at 2537, 2652/55, 
3126/32 and 3650/62 A. In the visible region there is a strong violet line 
at 4047 and a blue line at 4358 A, followed by a rather large gap, and then a 
green-yellow line at 5461 and a yellow doublet at 5770/91 A. The intensi- 
ties of the lines in the ultraviolet beyond 2537 and in the red part of the 
spectrum are relatively weak. 

It would not be of great use to insert a table giving the numerical values 

36 
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of the relative intensities of the single mercury arc lines. Tables of this 
kind have been published by many authors' and they are probably (piite 
correct, but only for the special case for which they were worked out. 
The data for different types of lamps, however, differ widely and even for 
the .same burner the relation between the intensities of two or more line.s 
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pressure Hg lamps the relative intensity of the resonance line 2537 A is 
highest at small current density;* in the high pressure lamps of the Cooper- 
Hewitt type the lines in the ultraviolet part of the spectrum, including the 
resonance line, become relatively much stronger with increasing voltage. 

Q 

On the other hand the line 2652 A has only about 17% of the intensity of 
the resonance line when the Cooper-Hewitt lamp is operated at 3 amps., 
while it is appreciably stronger than the resonance line at 4.5 amps. In 
high pressure lamiis at high temperatures the resonance line is completely 
reversed and appears in the emission spectrum as a dark line on a con- 
tinuous bright band. 


1 


a 
b 
c 
d 
e 
f 
g 

..j 

Fig. 17.— Spectra of different light sources on orthochromatic plate, 
ft: Hr <iaurt7, burner. o: Same through Wood Filter (Corning), 

b: Same taken through Jena filter U.G. 5. f: Iron spark, 
c: Same taken through Wood filter g: Same through Wood filter. 

((’orning). 
d; Carbon arc. 

For most [turpo.se.-^ connected with fluorescence work the list of the 
strongest Hg lines, as given above, will be sufficient. If for some .special 
reason the relative intensities of two lines are needed, either the exact data 
for the lamp used under precisely defined electrical conditions must be 
known, or the intensities must be measured by means of a thermopile. t 
For visible light and the near ultraviolet the most powerful source is still 
the positive crater of a carbon arc, especially if wave-lengths other than 

• Special arc lamps “Sc 2537” with about 90 per cent of their total light output 
concent rated in the line arc manufactured by the Hanovia Co. They are of great 
value for laboratory research work, but will probably be seldom used for technical 

applicafioii5. However, compare page 155. 

fThe ‘'hetcrochromatic photometry" described on page 56 may also be useful 

in certain cases. 
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those of the comparatively few Hg lines are required. This source gives a 
spectrum that corresponds closely to continuous black body radiation of 
about 3000® C., which may be in some cases an advantage and in others a 
disadvantage.* 

The rather rapid burning of the carbon electrodes constitutes a drawback 
which can, to some extent, be overcome by clockwork regulation or still 
better by an electromagnetic device. Even then, however, the intensity 
is never very constant and the exact position of the positive crater moves 
forward and backward. In this respect tungsten filament lamps, of the 
type used in cinematography, are by far more reliable, but though their 
total light output can be made very high, their brilliancy (intensity per 
square centimeter) is much smaller tlian that of a carbon arc. A rather 
weak but occa.sionally useful source of near ultraviolet radiation is provided 
by the small commercial argon glow lamps. 

Almost continuous .spectra of great intensity in the ultraviolet down to 
the limit of air traasparency are emitted by low voltage arcs or high voltage 


Table VI 

RErLECTiNQ Power of Silver and Alumi.num 


Wave-length of light . . . ' 

6000 i 

i 

5000 

4000 

3200 

3000 

2200 A 

1 

Kcflecting power f Ag 

1 

; 9-t 1 

92 

80 

1 

.5 

15 

1 28 

(in%) 1 A1 

89 

90 

00 

1 

82 : 

82 


sparks between iron electrodes. 'Hie iron arc cngcndcr.s much \'uj)<)r and 
can be used only when good ventilation is available. 'I'liis i.s not the case 
with the .spark produced by a tran.'iformcr with a capacitance and .self' 
inductance in parallel. For the .spectral region below 2000 A, a s))ark 
between aluminum electrodes (sti'ong lines at 1855, 1803, 1990, and 2095 
A) is even more elTective.f 1 he still .shorter wave-lcngllis of the Sehuniann 
and lA'inan region are used for the [>iotluetion of luininescenco in some 
fluorescent lam[js. I'liis problem will be titrated in a later chai^ter. 

If the illumination is to be intensified bv means of reflectors, aluminum 
is bv far the best material. The reflecting power of silver is somewhat 
higher in the spectral region above .5(K)0 \, but at 4000 A it <lrops lielow 

• III spectroi^nims of tht* rarhon arc llioro occur, siipci ini|)osc<l on the <*on(inuou^> 
spectrum in tlie extreme violet tiiul nctir U.V., Mu* Ho-(*ulle<l cyunoj*f-n bruuls. Tliese 
hands, wliich exhibit fine stnirturc, orii^inate ii<>t at the flowing atioilo, hut in the 
arc itself. They must not be taken f<>ra part of a fluorescence spectrum c.xeiied by 
the arc. 

t Sueh Hfiarks are n<it only very noisy but are also apt to perturb amplifiers used 
with a photoelectric photometer. 
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that of aluminum, and while the latter remains almost constant down to 
2000 A, the reflectivity of silver shows a low minimum of only 5% at 
3200 A (Fig. 18).* 

For illumination of highest intensity the scheme reproduced in Fig. 19 
has been worked out by R. W. Wood.* The fluorescent solution is con* 
tained in a cylindrical tube FI and surrounded by a concentric tube W, the 



1000 2000 3000 4000 

WAVE LENGTH IN A 

Fig. 18.— Reflectivity of silver and aluminum in the visible and ultraviolet parts of 

the spectrum (Sabine). 



Fig, 19. — Wood’s device for high intensity excitation of fluorescence 


purpose of which i.s to circulate cool water and also to act as a light filter. 
Alongside the tube mercury lamps of equal length are placed and the whole 
setup is enclosed in an elliptical cylindrical aluminum reflector. The 
fiuore.'^cent tube is ob.served “end on,” the primary light being screened off 
by a diaphragm. 

h. Filters and Monochromators 

For every observation of photofluorescence it is desirable that the excit- 
ing light, diffused or reflected by the luminescent substance, is not super- 

* G. R. Sabine, Phys. Rev., 65, 1063 (1939). 

3 R. W. Wood, Phil. Mag., 6, 729 (1928). 
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Table VII 


Light Filters for the Isolation op Ilg Lines 


Wftve- Lengths 

! 


24S0 A 
2537 A 

2655 A 

1 

1 

200 g. N'iSO, • 6-711,0 + 50 
g. CoSo, in 1 bter water, 

1 10 cm. tliick 

1 

1 

1 

Cl, - gas ; 

1 atm. 3 

cm. thick: 

1 

1 

O.IOS g. I,+ 0.15 g. KI in 1 
liter water, 1 cm. thick* 

HgCl-in watcr,45g. perliter,** 
1 cm. thick or KI in water, 
1-7 g.'per liter,* 1 cm. thick 

2755 A 
2S02 A 


2895 A 
2925 A 
2970 A 
3030 A 

Oxalic aci<l in water, 20 g. per liter, 1 cm. 
thick,* or CuSO»-5HjO in water, 15 g. 
per liter, I cm. thick 

3126 A 
3132 A , 

Potassium hyclrogcn phtbalatc in water, 
5 g. per liter, 1 cm. tliick 


Uric acid saturated in water, 1 cm. tliick 

3650 A 

1.4 g. CiiSO, ■ 5H,0 + 150 , 
gr, XII.OH (fionsily 0.88) 
in 1 liter water, 10 cm. 

' thick 

1 

Wood filter 

4017 A 

I- in CX1i, 7-5 g. [ler liter, I cm. thick + 
quinine hydrochloride in water, lO g. 
p(*r liter, 2 cm. thick* 

4358 A 

7.5 g. N'aXO., in lOOcc. water, 2 cm. thick** 

5401 A 

13E.CuSO,-51bO + O.IU 

KjCr/); + 50 cr. II. SO, 
in 1 liter water, 10 ctn. 
thick 

Corning glass 512, 5 tnm. thick (didyinium 
glass) 

5770 A 
5791 A 

Corning glass 311, 3.5 mm. thick (orange 
glass) 


• lU ncw frcrjijontly. 

** Uoiicw occasionally. 


imposed on tho liimiTU ^mit ra<liation.* Tlic siini)le4 way of avoiiJins thi.s 
comj)lication is provider 1 by Stokes* rrosserl lillcM' method.* In this scheme 

• If this i.H not avoidol. c-rroncoiis esfinriir.s of ilir flaoresf*cn<'e color may rcsolt. 
Ah an example \v<‘ <|iiote llic tahl<*of floon‘**‘aoit rho iaminc ilycistutTa ici Fcigl s excel- 
lerjt. book on amily>is by -:pof icnr.s. p ii;c .'>01 . svh‘Tf the <a>|or of floorcsceacc is HtatoO 
to be different when <*\riTed bv dayli^rlit or by C.V. raOialion. The apparent diller- 
cticc is doe only to tlic reflect iori of the dayliKlH. 


* G. Stokes, I'hil. Trans., 143 II, 403 (1^2). 
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the light source is enclosed in a box with a single opening, and a colored 
glass, which serves as window, transmits only the spectral region wanted for 
excitation. The fluorescent light is viewed through a second light filter 
which transmits the fluorescence and is complementary to the first filter. 
Colored glasses of almost every hue are manufactured by the Corning Glass 
Company and other firms. They are, if available, to be preferred to liquid 
solutions or gelatin -coated plates stained with organic dyestuffs. These, 
in general, are bleached by long exposures to strong ultraviolet radiation. 

In most cases actually described as “fluorescence analysis,” and for many 
other applications of photoluminescenpe, the fluorescence is excited by light 
in the near U.V. region. A black glass, made almost opaque to visible light 
by its content of nickel oxide and known as a “Wood filter,” transmits a 
great deal of ultraviolet light between 4000 and 3200 A, the maximum 



Fig. 20. — Aiisorption epeclrum of two Corning ultraviolet-transmitting 

filter glasses. 

a: Red purple Coren No. 986. b; Red purple ultra No. 597. 

transmission corresponding to wave-lengths near 3600 A (Fig. 20, com- 
pare also Fig. 17). With such a glass as an initial filter the second filter can 
be omitted, since the human eye is only slightly sensitive to U.V.* 

Mercury lamps of the different types mentioned above, equipped with 
Wood filters, are on the market under the names of analytical lamps, 
purple -X lamps, etc. So-called black bulb lamps, which are hot filament 
lamps enclosed in a bulb of heat-resisting black glass, are also available. 

Many qualitative fluorescence experiments can be executed by merely 
exposing the luminescent material to the “black light” radiation of such a 
lamp in a dark room. 

If higher intensity of the exciting light or a better definition of the 
primary beam is desired, an image of the source must be projected on the 

• Nevertheless the eye should not be exposed to the U.V. radiation, for this pro- 
duces fluorescence in the eye lens and thereby a strong sensation of glare. 
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sample by means of lenses. Ordinary gla.ss does not absorb the near 
U.V. transmitted by a Wood filter, and hence glas.s vessels and glass lenses 
may be used in combination with such filters. It mu.st not be forgotten, 
however, that simple glass lenses have a strong chromatic aberration in the 
region of shorter wave-lengths, so that the focusing must not be effected 
with visible radiation. The nickel oxide filters, opaque for nearly the 
whole visible spectrum, tran.smit red light beyond C500 A. The.se longer 
wave-lengths are not completely missing from the Ilg-arc radiation and 
are very strong in the radiation from a carbon arc or a hot filament lamp. 
In order to cut off thi.s liglit, which miglit interfere with the visual observa- 
tion of weak fluorescence, a second screen — either an aqueous solution of 
CUSO 4 or a glass of similar absorbing power — is freriuently placed in the 
path of the exciting beam. Such filter-s, though perfectly transparent for 
the greater part of tlic visible spectrum, start to absorb again below 4000 


A, and if they are sufficiently dense to eliminate all red light, they cut down 
the U.\ . radiation at 3000 A and, therefore, the fluoroseence intensity by 
more than one-half. If, therefore, the fluoreseonco itself is not red, it is 
advisable to place tbi.s screen between the fluorescent material and the 
observer’s eye. On the other hand a cell of at least one inch thickness filled 
w’ith water, or some special glass filter absorbing infi'ared ratliation, must 
alway.s be placed in the jiath of the primary light beam, if a carbon arc or a 
filament lamp is used as source. 'I'his is done in order to protect tlie 
luminescent material and othi‘r filter glasses (e.specially tlio black glass) 
again-st overheating.* 

.\t wave-lengths hclow 3200 A, practically all types of glas.s absorb 
strongly, and quartz must, tlierefore, l)c uscxl for lenses and containers. 
In some cases it is sufficient to prov ide the latter with rpiartz windows. 

Fused (piartz specimens from dilfcrcMit source's vary greatly in their 
trans|)areney to ultraviolet light. 'I'liis is prohahly due to impurities con- 
tained either in the raw material or di.s.solved in it during tlie process of 
fusing. Tlius, some specimens begin to fluoresce when exposed to the 
radiation of the merciii v line 2537 wliilc others do so only umler illum- 
ination by an iron are oi- even an aluminum spark. I'hc appearance of 
fluorescence is a reliahlc indication that the fpiartz un<Ier observation 


ah.sorhs light of the rcspe«4ive wave-length. f 


* Soin<! “t)la<-k” k1:isscs, like { 'online n-d |tur|)l<'. .)S7. an* (|U;uiiieii as neat rcsist- 
inK." Hill apart from lie* fact tliat tl.esf gtasses liavo a smaller tratisinis.sion power 
for iiltraviolft ra'liation. even tliev ate liuhle to ertick if the eoneeiilrated liglit of a 
rartion are is fnensed iip<,n them u it hoot, the inleroosit ion of a screen ahsorliiin; the 
infrared radiation 

t 
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For wave-lengths shorter than 2100 A fused quartz is no longer service- 
able, whDe good crystalline quartz is transparent to about 1850 A, the very 
limit at which atmospheric oxygen begins to absorb all radiation.* The 
observation of the weak fluorescence of a substance contained in a tube can 
be rendered difficult by the fluorescence of the tube material. If the latter 
can not be screened off by the use of adequate filters, the observer’s eye 
must be brought into such a position that it does not intercept any light 
coming from an illuminated part of the walls of the container. This may 
be achieved either by “backward” observation from above, if a liquid 
solution can be placed in an unco^'ered container (Fig. 32), or by “side^vise” 
observation, the side walls of the tube being well shielded against the 
primary beam and the entrance window being hidden from the observer’s 
eye (Fig. 31). 

Of course, it is always advisable to choose a container with as little 
fluorescence of its own as possible. Certain types of glass are in this respect 



Pig 21.— Setup for “forward observation” of fluorescence. 

W: water cell. F,, Fi, Fj: filter. 

FI: fluorescent substance. E: eye of observer. 


much better than others.f The container need not be transparent for back- 
ward observation and in this case porcelain dishes are very useful. Since . 
they are white, they show that part of an observed radiation which may be 
due to reflected visible light transmitted by the “black” screen.J Solid 
powders are best supported by a plate of metal like copper or brass, for 
these are never luminescent. If a fluorescent solution is to be investigated 
when adsorljcd on filter paper, it is again important that the paper should 

•For the Schumann region, calcium fluoride and lithium fluoride are the 
only transparent materials available, but this will be of little interest in technical 
applications. 

t Under black light illumination some varieties of soft glass, pyrox, thermometer 
glass, and Jenasuprax show scarcely any fluorescence, while other types of soft glass 
and pyrex emit a strong yellowish, and Jena durax a strong orange-colorcd.fluores- 

cence. _ . 

t The well-known dishes of the Berlin porcelain factory do not fluoresce, even when 

illuminated by the light from an iron spark, with the exception of spots where the 
glaze is destroyed. Some porcelain of other manufacture shows a whitish blue 
fluorescence when irradiated with light of wave-lengths shorter than 3000 A, but 
remains dark in black light. 
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not fluoresce itself under the action of the exciting black light.* If for some 
special reason fluorescence is to be observed “forward” (Fig. 21), the two 
filters Fi and F- must be more nearly complementary than in any other 
case, so that no primary light can reach the observer’s eye. If at the same 
time Fi (colored glass or dye solution) is fluorescent under the action of the 
total primary radiation, F? must be chosen so that it is opaque to the 
fluorescence of Fi. As a general rule it is always useful to place a primary 
filter which absorbs all light of wave-length shorter than the radiation 
needed for excitation next to the light source, and then behind it the screens 
used for cutting off the longer wave-lengths. This will often avoid the 
unde.sirable fluorescerce oi the latter screens. f Besides, many luminescent 
substancc-s are decomposed by the action of short wave-length ultraviolet 
light and their luminescence properties tliereby altered or lost, as was 
pointed out in the last paragraph of the second chapter. 

Occasionally photoluminescence is to be investigated when it is excited 
by light confined to several narrow spectral regions. Under these condi- 
tions quartz mohochroinators give the best results. A monochromator is a 
spectrometer with a second slit Ez in the plane upon which the spectrum is 
focused; lienee the image of Ez maybe projected on the fluorescing sample 
FI by means of (juartz lens Lj.J For wave-longtlLs lielow 3500 A, the 
chromatic aberration of quartz must not be neglected, so that for every 
change in illuminating wave-length the two inner lenses Li and L? of the 
monochromator and the outside lens Lj have to be readjusted. Using a 
slit-width of 0..5 mm., all .sjiectra! lines of the mercury arc (for example 
2895, 2802, and 27.55 A) are isolated by a commercial Bausch and Lomb 
quartz monochromator with jva^onable intensity. The brilliancy of 
spectral lines can u.sually be inerea-ced a good deal liy the use of a cylindrical 
lens Li,** which, leaving the length of the spectrum UJichanged, .shortens 
the heights of the indivi<lual lines. 

If no monochromator is available, a convenient combination of filtei’s 
may be used instead, especially if the spectrum of the primary light is not 


* 'i»i 


rWxH refers to .so-eiille<l eapiliury tests (see page 102). X on -fluorescent pa|)CT-s 
nf Kiiropeaii manufrirturo have been listed by FcIkI in his book on spot reactions, 
iiud perhaps equivalent filter pjqiers r(»ul<l be found in this country. 

t 'I’he lieat-al>.s<irbiii^ water cell mentioned above should always be placed next to 
the Hfiure(». 

} In the eeiup of i'lg. 36 a ‘*cloub|p monornrornaTor*’ is used for better leolatinj; 
ttie spectral lines. In this ease ttie exit .slit f.V tin* first lialf of the instrument 
serves as entrane<* slit for the .second half, while A’j is the final exit slit. If the line 
focused on AV contains 1% of stray light, tlie ‘impurity’' is reduced to 0.01% by 
this instrument. 

A good transparent quartz fijl)e filled with water may serve as a cylindrical lens. 
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continuous but consists of well-separated lines.* For the isolation of all of 
the stronger Hg lines Bowen has compiled a list of filters reproduced in 
Table VII.® (Seep. 41.) In his arrangement the first liquid solution is 
contained in a spherical glass or quartz flask which serves at the same time 
as a condensing lens (see Figs. 31 and 32). 

Other filter combinations may be found in Wood’s Physical Optics and 
elsewhere. Corning filter 986 and Jena UG5 which are not quite as opaque 
to visible light as the other “black glasses,” transmit the Hg line 2537 
A fairly well. As a monochromatic filter for the Hg line 3130 A, Wood 
recommends a silver film deposited on a quartz plate or a quartz lens (the 
minimum of reflecting power of the silver coincides very nearly wth this 
lme).t If all ultraviolet light is to be screened off, Corning Noviol glass or 
an aesculin solution are useful. 

c. Cathode Rays, X-Rays and a-Rays 

Only solid substances are to be considered for the excitation of lumi- 
nescence by cathode rays, and among these, the most important by far are 
the inorganic “phosphors.” It is true that many organic compounds are 
strongly luminescent under electron bombardment, but they simultaneously 
undergo chemical transformations of an unknown nature by which their 
luminescent properties are completely altered. To a certain degree the 
same may occur with mineral phosphors. Their stability, however, is of 
a higher order, especially if no gas is present in the cathode ray tube, as is 
always the case in modern apparatus. These are highly evacuated and 
provided with an "electron gun,” a hot filament electron source with an 
electrostatic device to concentrate the cathode rays into a narrow and well- 
defined beam. In such tubes the current density (amps, per sq. cm.) and 
the voltage can be altered independently. J With normal accelerating 
voltages (below 100,000 volts) the luminescent material has to be placed 
inside the tube. The inorganic phosphors are in almost every case bad 
conductors, and usually they are placed upon a transparent isolating 
support — e.g., a glass or mica plate, which is surrounded by the anode of 
the tube (Fig. 22). Because of the impinging electrons the fluorescent 
screen would at once be charged up to a negative potential, were it not for 
the emission of secondary electrons by the screen material. As long as the 
number of these electrons is larger than the number of impinging electrons, 

• The more '‘monochromatic” such a filter combination, the more it reduces, in 
general , the intensity of the light it is meant to transmit. 

t It is easier to prepare a good silver film by sublimation in a vacuum (as is also 
the case for aluminizing a surface) than by the older method of precipitation from a 
silver salt solution. 

t This is not the case in the old gas-fillcd cathode ray tubes. 


* E. J. Bowen, J. Chem. Soc., 1935, p. 76. 
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the positive potential of the screen does not fall below the positive potential 
of the anode. But with increasing energy of the primary electrons the 



Fig. 22. — Tube for fluorescence excitation by cathode rays. 
K: Indirectly heated cathode. 

Ai:First anode. Aji Second anode. 

F: Fluorescent screen. 



U 
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IiR- 2.3, — Screen potential :us function of anode potential in catliode fluorescence tube 

f N'ot tingliarn ). 

u: Low current density. b: High current density. 

Ortho zitir .silicate i = 0.12 ma./tm.^ i = 10 ina./rni.* 


relative numlKT of sceonclary electiam.^ decrea.'^es, and when the ratio of the 


primary to the .secondary electrons iM.-comes equal to one, tlie maximum 
potential difference V„ between cathode and screen is reached. A further 
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increase of accelerating anode potential Va does not alter the screen potential 
any further (Fig. 23).® The absolute value of F™ depends on the electron 
emissivity and on the electrical resistance of the screen material. In some 
cases Vm is as low as 5000 volts, in othei-s it is far above lOOOO volts.* 

If for special investigations (analysis, jdeld measurement, etc.) the 
fluorescent substance has to be changed frequently, it is well to have the 
tube fitted with a wide ground stopper through which the exchange may be 
made. The tube must be permanently connected to a vacuum pump.f 
For most technical applications, however, as in oscillographs, electron 
microscopes, etc., sealed-off commercial tubes are always used. The same 
is true for any kind of x-ray tubes used for fluorescence excitation. 

For o-ray excitation only two natural radioactive substances are actu- 
ally to be taken into account: radium itself in equilibrium with its a-ray 
emitting products doun to polonium; and mesothorium, which is a P-ray 
source but which produces radiothorium, an a-ray emitter. 

2. Photometry 

Though the designations "fluorometer” or “fluorimeter” are to be found 
in some scientific papem and in many advertisements, there exist no instru- 
ments which have been designed especially for the measurement of the 
intensity of fluorescence or phosphorescence. The methods used for this 
purpose are thd same as for any other kind of photometry. They are visual 
photometry, intensity measurements by means of photoelectric cells, and 
photography, only the last two being available for ultraviolet light.J 

* F. Krantz proposes to overcome this limiting voltage by a simultaneous bom- 
bardment of the screen with slow electrons from a second cathode; by these a suffi- 
cient number of secondary electrons would be released and so the building up of a 
negative charge on the screen would be avoided.’ By mixing the phosphorescent 
powder with the oxide of an alkaline earth the electron emissivity of the screen can 
be increased and the limiting potential Fm be brought to a higher value. Still an- 
otlicr solution of the problem has been proposed by Guervain. He uses a screen 
m.'ide of a thin aluminum foil backed by the fluorescent material. The foil is 
directly connected with the anode and, therefore, always has the full anode potential. 
.About 95% of the electrons accelerated by 50 kv pass through the metal foil and are 
thus able to excite the fluorescent material which is viewed through the glass of the 
tube.® 

t If the tube must be baked out for every experiment in order to have it thoroughly 
outgassed, no ground joint may be used. The tube must be cracked and rescaled for 
every new load. 

t Chemical methods other than photography for the measuroment of ultraviolet 
light intensities arc no longer to be taken into account, at least as far as fluorescence 
work is concerned, thougli they arc still discussed in detail by some authors. Though 

® W. B. Nottingham, J. Applied Phys., 8, 762 (1937). 

7 F. Krantz, Z. Physik, 114, 459 (1939)- 

® A. de Guervain, llochfrequenzieckn, u. EUklroakuslikt 64, 151 (1939). 
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Precision exceeding a few per cent is not easily obtained by any of these 
methods, but will seldom be needed for technical applications. 

All photometry is based on the comparison of the light intensity that is to 
be measured with the intensity of a standard source. The comparison can 
be carried out either by two successive or two simultaneous measurements. 
If the primary lamp exciting the luminescence has a sufficiently constant 
energy, either method may be used. If this is not the case, as with a spark, 
a carbon arc, or a Cooper-Hewitt mercury lamp, the two measurements 
must be made simultaneously, the “standard” being illuminated bj' the 
same source which excites the fluorescence. For a <iuantitativc comparison 


f RllONinOID PRISMS 
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Fig, 24.— Kociiig-Mtirteiis type polarization pliotomctcr (by courtesy of Messrs. 

Bausch unci Lomb). 




the inton.sity of the standard source, wliicli may bo sui>])osed to In? the 
l^righter, is \vouk(»nod by some do\ ico in a niojisurablo way until the two 
inteii.'^itio.s arc? ocpial. Among such dot ic<»s ar(* two polarizing piisins 
(Fig. 21) or polaroids* wliioh can bo rot at (‘d wit It rosj)oct to each other,! 


!iot acrurato to witliiri morotb.an about 10 perronf so called pholuctiemiral aclinomcf- 
tors arc sUll used to advantage* for (ho dctcrininatioii of (ho cpiantuin yield of 
pliotoclKiiiical rcs'iftioiis. As a mat (or of fart, (hr irnmc^rliatc* purptisc it) thi.s case* is 
riot really to mrasurc^ light intonjiiiir-s. but to roin|>arc* cjuriTititaf ivily the rc.sults of 
two photorlictniral roa* (ions proiiin*r<l by the same* irradiation, the cjiiantum yiedd of 
one of the two rc*ac*(ioiis being known. 

• The ol<lc*r j>olarr>ids could only b»* used for tlic* c'c-ntral part of the visible spec- 
trum, but the late.st irnproveiiuTits make them se rviceable for all vi.sil>lc light down 
to 42(K) A , 

t Photometers of this type* < KoenigMnrlens pho(ome*(en should not be used 
without Special e*orref iions if the* light is partially pr>larized before* entering the first 
polarizing prism. 
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calibrated neutral wedges,* calibrated diaphragms of variable aperture 
(Fig. 25), t and rotating sectors with variable aperture.J The cla^ical 
method of altering the intensity of one of the light sources by varying its 
distance from the receiving surface is also still used occasionally for the 
photometry of luminescent substances. However, several possible sources 



Fig. 25.— Pulfrich photometer with variable aperture ("Stufo”). 

A: Drum with scale. C: Biprism. 

B; Diaphragm with vari- 0: Ocular lens, 
able aperture. 

* 

of error must be taken into account, if accurate results are to be obtained 
with this apparently simple method.^ 

• This method has the disadvantage that if the v/edge is fairly steep, a narrow fllit 
must be used for good definition. 

t Some of the host modern photometers arc based on this method, but it is of the 
greatest importance that the position of the diaphragms remains permanently un- 
changed after calibration. 

J The method of varying the depth of the scattering liquid, used frequently in 
nephelomctry is not to be recommended for fluorophotometry because a part of the 
fluorescent light may be reabsorbed in the solution and this factor depends on the 
distance which the light has to travel inside of the solution. Still more objectionable 
for such measurements are “colorimeters* * in which the length of the irradiated solu- 
tion is variable, for with increasing length additional volumes of the solution con- 
tribute ever smaller amounts to the total fluorescence output. 


* A. H. Taylor, J. Optical Soc. Am., S2, 506 (1936). 
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If the relative fluorescence intensity of a substance under different con- 
ditions (variable temperature or concentration of a solution, presence of 
quenchers, etc.) is to be investigated, it is best to compare these intensities 
Ji, Ji, etc., wth a constant standard Jn so that: Ji = a^-Jn, J 2 = at • Jo', 
hence by elimination of Jo: 

Jl'.Jt"-"- “ «ltOl 

It is absolutely necessary that the vessel containing the fluorescent sub- 
stance should always be replaced at exactly the same position in front of the 
photometer. The standard is a fluorescent substance of the same nature as 
the one to be investigated, kept under .strictly constant conditions and 
excited by the same primary source. 

In visual photometry the two measurements mentioned above are always 
made simultaneously, since the human eye is only able to compare the 
intensity of two light sources if they illuminate two contiguous areas at the 
same time. A visual photometer can be set up with rather simple means in 
the laboratory,*® but good manufactured instruments give, in general, more 
reliable results. For visible light and not too small intensities the results 
are probably at least as good as those obtained by any other method. 

Two different kinds of photoelectric cells arc available for photometry; 
barrier layer cells (photronic cells) and surface emission cells, these being 
either of the vacuum or of the gas-filled type. Barrier layer cells and gas- 
filled cells have higher sensitivity, but vacuum cells give more reliable 
results for exact quantitative research. 

Many commercial light-meters and al.so some so-called fluorimeters are 
equipped with barrier layer cells. These have the advantage of being 
very compact and easily transportable, and function without an external 
electromotive force. Since amplifiers cannot be used with these cells, the 
currents must be measured with galvanometers of high sensitivity (10“* 
— 10“** amp. /mm.). The photoelectric currents are proportional to the 
light input only within rather narrow limits, but with the small intensities 
usually forthcoming in fluorescence research work thi.s need not be taken 
into account. Most photronic cells are only serviceable for visible light, 
with a maximum of sen.sitivity between 6000 and 5000 A: even in the 
violet region their re.spon.se is sometimes exceedingly small (Fig. 26). 

Emis.sion cells with various cathode materials cover the whole spectral 
range from red to far U.V.* Mo.st commercial photoelectric tubes are made 

• CajO-AgjO cathod«8 arc must sensitive for tlie longer wave-lengths, but because 
of their high thermionic emission their dark current is relatively strong even at room 
temperatures, so that their use is not advantageous for photometry of weak intensi- 
ties. K»0-Ag, Cecils are most satisfactory for this spectral region, Cd or Na cathodes 
for wave-lengths around 3000 A, and platinum or palladium cathodes below 2600 A. 
The cells R.C.A. *929 with Cs on Sb are excellent for the whole spectral range from 
6500 to the limit of glass transmission at 3300 A. 


>• R. W. Wood, Phil. Mag., 21, 311 (1911). 


52 


III. EXPERIMENTAL TECHNIQUE 


of lime glass, and therefore their spectral sensitivity range is limited on the 
short-wave end by the li^ht absorbing power of the glass. For instance, the 
steep slope below 3500 A of curve a in Fig. 27 is due exclusively to theglass 
absorption, while the sensitivity of the photocathode itself would still 
increase wth decreasing wave-lengths. For fiuorophotometry this 
limitation will hardly be prejudicial in general. For intensity measure- 
ments in the region of shorter wave-lengths the photoelectric cells must be 
made of fused quartz or at least fitted with a quartz window* (Fig. 27, 



I 

Fig. 26. — Spectral sensitivity of 
barrier layer cells. 


Visitron F 3 photronic cell 

with quarts window (G. M. 
Lab. Inc., Chicago). 

Same with glass window. 

General Electric blocking 

layer cell protected by 
coating against atmos- 
pheric conditions and glass 
window. 



Fig. 27.— Spectral sensitivity of photo- 
electric cells. 

a: R.C.A. S 2 photosurface in lime glass 
bulb. 

b: R.C.A. S 3 photosurface in lime glass 
bulb. 

c: General Electric Phototube F 405, 
sodium cathode in quartz tube. 


Curve c) . Gas-filled cells of many types are on the market, since they are in 
general use in the motion picture industry. 

The photoelectric currents of vacuum cells are, in general, saturated at an 
anode potential of about 20 volts.f In gas-filled cells the molecules of the 
gas are ionized by collisions with electrons and thus the primary photo- 
electric current is amplified. For achieving this purpose the cells require 
potentials of from 100 to 200 volts to attain their maximum sensitivity. 
This sensitivity is very much influenced by small changes in the accelerating 

• Windows of very thinly blown pyrex glass also transmit light of wave-length 
somewhat below 2530 A. 

t The exact value depends upon the construction of the cell. 
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potential, and besides there is a certain danger of a glow discharge which 
may spoil the cell. 

The currents from emission cells can be easily amplified, the cathode 
being connected to the grid of an amplifying tube and shunted to its cathode 
through a high resistance (Fig. 28),* or they may be measured with an 
electrometer connected directly to the photocathode and shunted through 
a high resistance (10*— 10"fi) to the ground (Fig. 29). If photocurrents of 
very different magnitude are to be compared, a null method in which the 
currents are compensated by means of a potentiometer allows the use of a 
highly sensitive galvanometer or electrometer (Fig. 29). 

Since the photoelectric currents are proportional to the intensity of il- 
lumination, no standard comparison source is needed if the primary light 



Fig. 28. — Photocell with amplifier and potentiometer compensation. 


source is so constant that the different readings can be taken one after the 
other.t If this is not the case, two photoelectric cells of the same type 

• In order to avoid too high amplification of the comparatively weak currents in 
vacuum photocells, the current ran be intensified by means of so-called electron 
multipliers. The electrons emitted by the photocathodc are accelerated by higli 
voltage and impinge upon a metal plate from which they liberate a greater number 
of secondary electrons. These are subjected to the same process which may be 
repeated ten times or more. Thus the same purpose is achieved that is accomplished 
in gas-filled cell.s by the ionization of the gas, but without such disadvantages of this 
method a.s inertia, want of exact proportioti.alily ao'! <l.angor of glow discharge fsce 
Fig. 36). Electron multipliers or “photon multipliers’’ arc now manufactured 
commercially. 

t The absolute sensitivity of photoelectric cells of all kin<ls, even of vacuum 
emission cells, is in general not quite constant over longer periods of time, licnee 
measurements made at intervals of several days do not produce results of exactly 
comparable value. 
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(barrier layer cells or surface emission cells) must be connected in an 
opposite direction with the same galvanometer (Fig. 30). Thus, one of 


m 


Fig. 29. — Photocell connected to a string electrometer for photometric work. 




A\\\\K 


Fig. 30 —Two photronic cells in compensating circuit C'fluorimeter^'). 
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the two cells is illuminated by the fluorescent light source which is to be 
measured and the other by the standard source.* Exactly as in visual 
photometry'' the latter must be weakened until the two currents are equal 
and the galvanometer deflection is zero. This can also be attained by vari- 
ation of volt^e in one of the two photocell circuits (Fig. 30), but if such 
a method is applied a previous calibration of the photometer by means of 
light sources of knowm relative intensities is necessary. t 

For photographic photometry a series of exposures of the standard 
source with various intensities has to be taken on the same plate and with 
the same time of exposure which has been, used for recording the fluores- 
cence light. After development the den.sities of the different photograras 
are determined and the intensity of the fluorescence found by interpolation. 



Fig. 31. — Bowens heterochromatic photometer for relative intensity measurements 

(observation sidewise). 

In all photometric measurements on fluorescent materia! the crossed 
filter method should be applied, so that no diffused exciting light enters the 
photometer. 

If the fluore-scence intensity of a transparent substance (glass, liquid 
solution) is to be measured and the ab.sorption of the exciting light is small, 
the observation is u.sually made “.sideways.” This method affords reli- 
able re.sults only for an aljsorption so weak that the fluorescence inten- 
sity Is practically uniform across the whole area under ob.scrvation. If 
the absorption becomes .stronger and the fluorescence decreases along the 

• In this case the standard need not be of the same nature (same fluorescence color) 
as the other sample; it is only necessary that it is excited by the same primary light 
source. 

t In commercial fluorophotometers the compensating potentiometer is usually 
calibrated for direct intensity comparison. A detailed discussion of a great many 
different photoelectric photometer circuits an«l an exhaustive bibliography on this 
subject are to be found in an article by It. 11. Mueller, Ind. Eng. Chem. Anal Ed 11 
1 (1930). ■’ ’ 
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beam of the exciting light, the relative intensity of the fluorescence entering 
the photometer may be altered and the measurements may thereby become 
unreliable. With strongly absorbing solutions or with opaque material 
the measurement must always be carried out by “backward” observation 
(e.t/., Fig. 32). 

It is to be emphasized that for all photometric work the light intensities 
to be compared must have identical color or spectral distribution* since 
the human eye as w’ell as all photoelectric cells and photographic plates 
are more or less selective in their response to light of different wave- 
lengths. If the condition is not fulfilled, independent measurements must 
be made for different parts of the spectrum, using either light filters or 
spectrometers in combination with the photometer. 



Fig. 32. — Bowens hcterochromatic photometer for the determination of absolute 

fluorescence yield (observation backward). 

. The following method for “hcterochromatic photometry, ”t independ- 
ently proposed by several authors," has been applied lately by Bowen to 
the measurement of fluorescence yields. ** It is based on the fact that the 
quantum yield Q of many fluorescent substances (dyestuffs in solution, 
uranyl salts, and others) is independent of the wave-length of the exciting 
light as long as Stokes’ law is obeyed. If a fluorescent screen absorbs all 
incident radiation of any wave-length, the intensity of its fluorescence is 

* This is by no me.'ins the same; two beams of light of very different spectral in- 
tensity distribution can produce the same color impression, and relatively small 
shifts in spectral distribution can make a very great difference in color. 

t Ileterochromatic photometry by means of the “flicker” method will hardly be 
useful for fluorescence analysis. 

“ A. Gycmant, J. Optical Soc. Am., 12. 65 (1926); W. Andersen and L. T. Bird, 
Ivc. cit.-, G, li. Harrison and P. A. Leighton, Phys. Rev., 38, 899 (1931). 

E. J. Bowen, Proc. Roy. Soc. London, Al5i, 349 (1936). 
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proportional to the number of photons constituting the absorbed light. 
The wave-length of the fluorescence is always the same, and therefore, its 
action upon a photoelectric cell depends only on its intensity. The 
fluorescence of this “integrating screen” is excited by the fluorescence 
of the substance, of which the fluorescence yield is to be determined. 
Bowen’s integrating screens were made of uranyl sulfate crystals suspended 
in pure paraffin or of aesculin in aqueous solution. The former begins 
to absorb strongly at about 4100 and the latter at about 4000 A; hence they 
are only useful for the measurement of violet or U.V. light. A solution of 
rhodamine B dissolved in solid glyptal varnish responds equally well to all 
wave-lengths from the D lines to the far ultraviolet with a strong orange-red 
fluorescence,* and would extend the u.se of this method to almost every 
fluorescent cmis.'iion. Bowen’s apparatus for the measurement of the rela- 
tive fluorescence yield of solutions is reproduced in Fig. 31. The photo- 
electric cells Pi and P?, measure the fluorescence intensity / and the light 
absorption A of tlio solutions, respectively. Ti and Ti are the integrating 
screens and Dj and Di are light filters protecting the photoelectric cells 
again-st any light which does not come from the integrating screens. Fi, 
Fz and Fz are filters selecting one line of the spectrum emitted by the 

mercury arc L (see Table VII). The final value Q, “ relative quan- 

tum yield of fluorescence. 

It is much more difficult to obtain absolute values of fluorescence yields. 
As a matter of fact only very few experimental results are to be found in 
all of the literature, and most values of fluore-scence yields which have been 
published by different authors are reductions of relative measurements 
by comparison with one of the few directly obtained yields. 

For the determination of the absolute value of the fluorescence yield, the 
luminou.s intensity emitted by unit .surface of the fluorescent sample in a 
given direction {c.g., normally to the .surface) must be compared with the 
intensity diffused under the same angle by a perfectly white and matt 
surface, when both are .‘<lruck by the same primary monochromatic light. 
From tlu'.se values the total inteasity emitted or diffused in all directions 
i.s found by integration over the whole sphere. For a tran-sparent fluores- 
cent solution thi.s value is according to Lommel’s law four times a.s large 
as that whieh would be found by ap[)lication of Lambert’s co.sine law if 
both inten.«ity measurements were made in a direction perpendicular to 
the surface (compare page 23). 

The first experiment.s of this kind were performed by Vavilov for a 

• According to .Marden and Bcfse, rhodamine fluorescence is not excited by light 
of wave-loiigth below .‘JOOO K. This i.s certainly not true for the rhodamine B solu- 
tions mentioned above. 
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number of liquid dyestuff solutions.'* He worked with a visual photom- 
eter and since the (exciting) light diffused by the white surface and the 
fluorescence were necessarily of different color he had to calibrate his 
photometer for every color by comparison with the intensity of a light 
source of known spectral intensity distribution (Hefner candle). Ac- 
cording to Vavilov’s own statement these measurements cannot claim a 
high degree 'of accuracy. Nevertheless, almost all other data published 
on the fluorescence yield of dyestuffs and some other solutions are derived 
from these values. 

Bowen'* has determined the absolute fluorescence quantum yield of 
anthracene dissolved in hexane by comparison wth the light diffused from 
a magnesium oxide surface using his heterochroraatic photometer as shown 
in Fig. 32. With the help of this value a great many relative measurements 
made with the apparatus of Fig. 31 could be converted into absolute yields. 
Some of them are given in Table IV. 

3. Spectroscopy 

The human eye is a very sensitive instrument for the discrimination of 
color, and different authors give rather elaborate methods for defining 
a color by its hue and saturation. It is even possible that in some cases a 
difference of color is recognized more easily by direct vision than by ex- 
amination of the corresponding spectrograms. Nevertheless, the only 
reliable way fo gain an exact knowledge of the nature of a luminescence radia- 
tion is to examine it with a spectroscope, or rather by means of a spectro- 
graph, since this permits better facilities for wave-length measurements and 
extends the observation into the U.V. region. By far the most numerous 
luminescence spectra consist of relatively broad bands; therefore, high 
dispersion is not needed and should be avoided inasmuch as it is opposed to 
the large aperture which is essential in many cases because of the small 
intensities. For this reason comparatively wide slits may be used. For 
most purposes a small quartz spectrograph like the Hilger-E 37 is quite 
sufficient and only if the luminescence spectrum reaches beyond 5500 A 
toward longer wave-lengths does the dispersion become too small so that 
a glass spectrograph is required. 

For light of wave-lengths larger than 4500 A, the photographic plates 
must be sensitized; orthochromatic, panchromatic, and specid spectro- 
scopic plates are on the market.* Panchromatic plates are in general 
much slower in the U.V. region than are unsensitized plates. Therefore 
they should be used only if they are really needed. All sensitized plates 

* For sensitization for short wave-length U.V. see page 158. 

S. I. Vavilov, Z. Physik, 32, 266 (1924). 

» E. J. Bowen and D. Norton, Trans. Faraday Soc., 36, 44 (1939). 
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have a more or less irregular spectral distribution of sensitivity, often with 
several maxima and minima. Hence an emission band which Is in reality 
quite continuous may seem on a spectrogram to consist of several narrow 
bands separated by dark intervals. If the sensitivity of the plate for all 
parts of the spectrum is not ascertained by the somewhat complicated 
methods of quantitative spectrographic photometry, at least a series of 
spectra of a tungsten filament lamp should be taken with different time 
exposures. These will show qualitatively the response of the plate to light 
of different wave-lengths. 

Some commercial spectrographs arc fitted with a wave-length scale 
which can be reproduced on the plate. Though not of the highest precision 
this scale is very useful and quite sufficient in mast cases. Otherwise a 
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Fig, 33. — Method of crossed spectra for determination of exciting wave-lengths for 

Zn('dS(Mn) phosphor (Kroeger). 


comparison .spectrum mu.st be lak(*n on each plate and ht*re again the 
mercury arc spectrum Is simple.st ami in general (luite satisfactory. 

In order to find the excitation spectrum, that Is, the .spectral region by 
which a given substance may be excited to luminescence, the following 
method has been recommended independently by different authors:'® a 
transparent film coated with a thin layer of the fluorescent substance is 
placed in a spectrograph immediately in front of the photographic plate, 
from which it Is .separated only l\v a thin screen transmitting the fluore.s- 
cent light, but opaejue to the exciting radiation. .After development the 
plate is blackened exclusively at the spots where the fluorescent material 
had been excited by the incident light, the density of the blackening de- 
pending upon the intensity of the fluorescence. 


“ G. Heine and M. Pirarii. Z lech. Physik, 14. 319 (1933); J. W. Mardcn and N. C. 
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In order to determine whether different emission bands are excited in 
one substance by incident light of different wave-lengths,* ** the method of 
crossed spectra was introduced by Stokes. A narrow continuous spec- 
trum is projected upon the luminescent surface. This is viewed through 
a spectroscope with its slit perpendicular to the slit of the first spectrom- 
eter and deviating the spectrum of the exciting light and the fluorescence 
radiation. In Fig. 33 (upper part) the oblique band on the left side is 
the continuous spectrum of the twice deviated exciting light, reaching 
from 4000 A to a little bej'ond 5100 A. The horizontal stripes on the 
right hand are produced by one and the same narrow fluorescence 
band of a ZnSJMn) phosphor at 5650 A. It is excited by light of 5000 
and of 4700 A. In the lower, much overexposed photogram, a third 
excitation region can be discerned corresponding to a primary radiation of 
4300 A. 

For phosphorescent material the excitation spectrum of the afiei^low is 
frequently quite different from the fluorescence excitation spectrum, even 
if the emission band is the same in both processes. If a continuous spec- 
trum is projected upon the phosphorescent surface, the luminescence may 
have a certain intensity distribution along the primary spectrum as in 
Fig. 41.*® After the removal of the exciting radiation the luminescence 
disappear in all regions where it was excited as fluorescence alone. Only 
in restricted regions, which sometimes are confined to narrow bands, is a 
persisting afterglow observed, while parts of the irradiated surface lying 
between these bands appear perfectly dark.'^* 

4. Pbosphoroscopes and Fluorometers 

The theory of the decay of luminescence after the excitation is stopped 
is not yet of great intere.st for practical applications, as has already been 
mentioned on page 35. But measurements of the time during which 
the luminescence retains a certain intensity may be very important. The 
periods after which the inten-sity has decreased to or 7/e of its initial 
value .7o (so that J = 1/2 ./o or 1/c Jo) are called the half life and the mean 
life T of the luminescence, respectively. In order to determine t for a 
long afterglow, one has only to measure its intensity at regular intervals 

• A few casea of this type are known among dyestuffs {e.g., Meldola blue) in 
solution as well as among inorganic phosphors. But in most of these cases the ex- 
ceptional behavior is probably due to the fact that they are composed of two different 
and independently excited substances. 

** K. A. Krueger, Pbysica, 7, 369 (1939). 

P. Lenard, F. Schmidt and R. Tomaschek, Pkosphoreizenz und Fluoreszenz 
(Handbuch der Experimentalphysik., Vol. 2S/1 and 2) Akademische Verlagsgesellschaft, 
Leipzig 1928. 
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by one of the methods of section 2 and to draw a curve representing J 
(or log J) as a function of the time t. For luminescence with a lifetime 
below T = 1 sec. a number of methods have been developed for practical 
use. These may be divided into three classes, each having its individual 
advantages and special fields of application. 

1 . The sample is alternately irradiated and observed at regular time inter- 
vals. The first instrument constructed for this purpose was called a phos- 
phoroscope by its inventor, E. Becquerel (Fig. 34). The phosphor is 
placed between two rotating discs with alternating opaque and light trans- 
mitting sectors mounted on the same axis. The two discs are set with re- 
spect to each other so that a transparent sector of the first dLsc permits the 
exciting light to impinge on the sample, while an opaque sector of the second 
disc hides it from the observer, ^^^len the luminescent sub.stance becomes 
visible through an opening in the second disc, the exciting light is intercepted 



Fig. 34.— Becquerel phoaphoroscopc (after Becquerel’s original drawing), 
by an opaque .sector of the first disc. By changing both the angle between 

the corre-sponding .sectors of the two disc.s and the .speed of rotation the time 

which elapses between the end of the excitation and the moment of okserva- 
tion can be varied within certain limits. A device still simpler, l)ut based on 
the same principle, is to have the phosphorescent material fixed on a cyl- 
inder rotating inside of a coaxial cylindrical tube at rest ; the tube is opaque 
except for t\vo slits at different point.s of the circumference, the one serving 
for the irradiation and the other for the observation of the pho.sphor. In 
another phosphoroscopc the lumine-sccnce is excited by means of an electric 
spark which by some mechanical device Is started a short time before the 
open segment of a rotating disc unmasks the pho.sphor.'^ The .same raeth- 

E. Becquerel, La lumure, «e« aiu$e»et te$ Firmin Didot Paris 1867 

P. Lenard, Ann. Phy$ik. 46, 637 (1892). 
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ods can also be used if the phosphorescence is not excited by a light beam 
but by cathode rays, though the instantaneous release of a cathode ray 
beam requires a somewhat more complicated setup.” No apparatus of the 
above types, however, will be sufficient for the measurement of lifetimes 
below 10“^ sec. One can go much farther (down to 10~* and even 10“” 
sec.) by replacing the mechanical devices by nonmechanical light shutters.* 
Such shutters are electromagnetic Kerr-cells which are operated by high 
frequency alternating potentials and are placed between crossed Nicol 
prisnis,^® or ultrasonic waves in a liquid^* or in crystalline" quartz by which 
the transmitted light is deviated into “spectra of higher order” during each 
period of maximum amplitude of the ultrasonic wave. These methods 
will never be used outside of specially equipped physical laboratories and 
therefore shall not be discussed here at length. 

For quantitative determinations the intensity of the phosphorescence 
has to be measured by means of a photometer, at the present time usually 
a photoelectric cell, for different time intervals between excitation and 
observation. If only the order of magnitude of t is wanted, it may be 
deduced from these intensity measurements by the primitive method used 
by Becquerel himself,” namely by plotting the intensities t against the 
time elapsed between full illumination (sector of first disc quite open) and 
full observation (ob.ser\'ation sector quite open). With certain types of 
Becquerel phosphoroscopes, as with Becquerel’s own construction and all 
Kerr-cell fluorometers as well, this may lead to rather incorrect values, 
sometimes twice as large as the true ones.” However, the corrections to 
be applied are of little importance if the observation sector is a narrow slit, 
.so that the intensity of the luminescence does not decay appreciably during 
the time of its passage in front of the photocell, and if the illuminating 
sector’s aperture and the rotation speed are kept constant, the time be- 
tween excitation and observation being changed only by varying the angle 
between the two sectors.f 

2. The luminescence is continually excited at a certain spot and the 


• An apparatus constructed for this purpose is called a fluorometer, a name which, 
therefore, should not be employed for fluorophotometers. 

t With much more brilliant light sources and sensitive photometers these condi- 
tions can now be attained much more easily than in the time of Becquerel, who, for 


the sake of a gain in luminosity, resorted to his less favorable arrangement. 

”R. B. Nelson, R. P. Johnson and W. B. Nottingham, J. Applied Phya., IQ. 


« E. Gaviola, Z. Physik, 42, 853 (1927); W. Szymanowski, ibid., 95. 440 (1936). 

O. Maercks, ibid., 109 , 685 (1938). , o ■ » 

« L. A. Tumermann. J. Phy$. U. S. S. R.,i, 169 (1941); H. R. Briggs, J. Optical 


Soc. Am., SI, 518 (1941). 

** E. Becouerel, Ann. chim. phys., 62, 5 (1861). 

i* A. Delorme and F. Perrin, J. phyt. radium, 10, 177 (1925). 
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luminescent material is removed from the spot at high speed. This method 
has been used to very great advantage for luminescent gases, especially 
when they are ionized and accelerated by an electric field as in canal rays. 
Thus W. Wien measured lifetimes of excited atoms or molecules of the 
order of 10-® sec. For solid or liquid substances the simplest method is to 
have the material fixed on a rotating disc, if possible along a whole circle 
near the rim of the disc. Under the.se conditions a luminescent circle will 
originate at the spot where the excitation takes place and show the com- 
plete decay cur\-e simultaneously if the rotation of the disc has an adequate 



Fig, 35. — llotatiiig disr pKoaphoroscope (from a paper by Biiengcr and Flexig). 

Luminescence of a BaClTl pho.sphor. a: ‘Timeless” Buorcsccnce. At first 
qiiarler of left side: fust deeaying afttTglow. Ibmnant jjart of the <'ir<-lc: sh.wly 
decaying phosphore.sronco. 

angular velocity (tig. 3.5). Not only is it possible to measure lifetimes 
r 10"* sec. by thi.s method, but if the phosphor covers the whole circle, 
it can also be applied to the determinatioji of lifetimes between ()..t and 
.several seconds which can hardly be invest igatetl by a [tbosphoroscope witli 
intermittent excitation.” For small vabies <if r the method can be 
improverl by viewing the biminescenee reflected by a rotating minor so 
that the liglit emitting point is drawn out into a batMl. In Ibis case the 
excitation must again be produced by a .spark which i. starri^l onc^e at 

»‘R. W. Wood, Proc. Roy. Soc. London, A93, 362 (1021); W. Buongcr and W 
Hoxig, Z. Physik, 67, 42 (10.31). 



64 


Iir, EXPERIMENTAL TECHNIQUE 


every revolution of the mirror; the lower limit for this method is r = 
10"® seconds.^® 

S. The luminescence light produces an electric current in an emission 
photocell, which after amplification acts upon one pair of electrodes of a 
cathode ray oscillograph {Fig. 36). The other pair of electrodes of the 
oscillograph is operated by an alternating potential of about 50 or 60 
cj’cles per sec. By means of rotating sector discs in front of the primary 
light source, the luminescence is excited ten times per second during 


Fig. 



36.— De Groot’s fluorometcr with electron multiplier and cathode ray 

oscillograph. 


periods of see. During these periods of irradiation the lumines- 
cence increases to its highest intensity, producing a maximum deflection 
of the oscillograph spot. During the period following the irradiation the 
lumine-scence intensity drops to zero. After 0.1 sec. the same cycle is 
started once more and the figurc.s produced by each cycle on the oscillo- 
graph screen coincide exactly if after 0.1 sec. the auxiliary alternating 
potential applied to the oscillograph plates passes again through zero 

« S. I. Vavilov and V. L. I^cvshin, Z. Physik, 36, 920 (1926). 
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(Fig. 37) . For values of r between 10"< and 10"* seconds the total intensity 
time curve of the growth and decay of the luminescence is thus rendered 
visible by the oscillograph and can be retained on a photographic plate** 
(Fig. 6, p. 15). The same method can be applied, with slight modifications, 
for luminescence excited by cathode rays. 



Fig. 37.— Schematic curves obtained with De Groot’s fluorometer. 


5. Fluorescence Microscopy 

In fluorescence microscopy an object is made visible not by the light 
from a primary source which it transmits or reflects, a.s in ordinary micro- 
scopy, but by the fluore-scence which it emit.s when excited by incident 
light, cathode rays or x-rays. Regarding the specific technique of this 
method little is to be added to the contents of the first two paragraphs of 
this chapter. The microscope itself does not differ from any other type of 
microscope. It need not be equipped with quartz lenses a.s long as visible 
fluorescence light Ls to be observed. And, exactly a.s in ordinary micro- 
scopes, the objects arc viewed “forward" (light incident from below, if the 
microscope is in vertical position) or backward (light incident from above). 
The second method alone is po.ssible with opaque objects. It has the 
great advantage that no thin .sections of the object under obseiw’ation are 
needed. Light sourcc-s, compensated filters, reflectoi-s, and leruses must be 
chosen according to the rules given in the foregoing paragraphs. It seems 
that so far, the near ultraviolet, as transmitted through a Wood filter, has 
been used almost exclusively for excitation, but there is no reason why in 
special cases light of wave-lengths below 3000 A should not be more 
efficient. 

As to the question of whether high or low magnification is preferable in 
fluorescence microscopy, the champion-s of the method give rather contra- 

” W. De Groot, Physica. 6, 275 (1939). 
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dictory answers: Danckwortt advocates the first,® Haitinger® the second. 
The alternate choice depends, of course, mainly on the problems under 
consideration. It also depend very much on the light intensities which 
are available. For a microscope of high minifying power it is not the 
total light output of the primary light source which is important, 
but only its brightness, the intensity per sq. cm. Hence for the violet and 
near U.V. region the carbon arc,* and for the far U.V. region the high 
pressure mercury arc may be most suitable. Haitinger, who made fluores- 
cence microscopy his specialty, recommends an arc between iron electrodes, 
burning at 5 amp. and 40 volts in a closed metal chamber with only a small 

aperture for the exciting light beam. 

If the focal length of the microscopic ob- 
jective allows sufficient working space,, the 
primary light can be concentrated from 
above upon the object at an angle of 45'’ by 
means of a concave mirror. This is no 
longer possible with high magnifying power 
and especially if immersion systems are 
used. For this purpose different kinds of 
vertical illuminators exist for ordinary mi- 
croscopes. For fluorescence microscopy the 
arrangement sketched in Fig. 38 is espe- 
cially designed to combine high magnifica- 
tion and great luminosity: M is an annular 
mirror reflecting the U.V. light toward 
the likewise annular condenser lens A which 
concentrates the exciting beam upon the 
object 0; the object is viewed through the 
objective lens L. It is to be kept in mind 
that all mirrors and reflectors for the excit- 
ing light must be front surface aluminized 
and not sUvered. If possible, the microscope objective should be protected 
against reflected radiation by a filter not transmitting U.V. hght.f Any 



^ Eiciting ligtit Beam 

Fluorescent light 


Fig. 38.— Fluorescence micro- 
scope (Haitinger). 


- For strongly fluorescent objects and not too high magnification even a low voltage 
high amperage concentrated filament microscope lamp emits sufficient ultraviolet 

Normal microscopes equipped lor fluorescence microscopy a front alum^ 
imsed mirror and the necessary filters are supplied by the Spencer Lens Company 

and other optical firms. — 

«P. W. Danckwortt, Luminescemanalyse, Akademische Verlagsgesellschiift, 


Leipzig 1928 (4th ed. 1940). . , t • iqm 

« M. Haitinger. Fluorescemmikrosk<rpie. Akadem. VerlagsgesellBchaft, Le'Pf® 

» 0 W Richards and D. K. MiUer. Am. J. Clin. Path., 11, techn. suppl. 5, 1 
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fluorescence produced in the lens system (Canada balsam, etc.) would 
appear as a glare masking th,e fluorescence image of the object. As for 
the use of a'CuSOi filter in the path of the primary beam, we refer to 
page 43. 

The objects to be examined under the fluorescence microscope are of two 
different types. Either they are luminescent by themselves, or they must 
be stained by means of some fluorescent solution exactly as preparations 
are stained by different dyestuffs for ordinary micro.'^copic research. 
Haitinger gives a long list of dyestuffs and other organic compounds which 
he calls fluorochromes and which are useful for this purpose. As a matter of 
fact, any strongly fluorescent material apt to be adsorbed by, or dissolved 
in, the substance under investigation may be employed. To a certain 
degree the choice of the “fluorochrome” is determined by the nature of the 
substance, its acidity, its body color, the natural fluorescence of parts of the 
substance, etc. The following are the fluorochromes which in general give 
the best results: choriphosphine O, aurophosphine, thioflavin, thiazole, 
yellow g, berberine sulfate, trypaflavin, primulin yellow, fluorescein, and 
eosin. The dyestuffs are dissolved in water, usually in concent -ations 
from 0.1 to 1 mg. /cm.*, and the substance is soaked in the solution for a 
period of several minutes. 


For cathode ray excitation of mineral phosphors under the microscope 
a simple device has been developed by (lallup.** In a small cell, connected 
to a vacuum pump, cathiidc rays are produced by the high frequency dis- 
charge of a .spark coil. The fluorescence is observed through a flat cover 
glass fitted to the rim of the cup-.shaped cell by a greased vacuum seal. 
The cell can be clamped to the stage of a normal micro.scope with a 16 mm. 
objective. The purpo.se of the apparatus is to select microcry.stalline 
material for cathode ray fluore.scent .screens under excitat’ :n conditions 
similar to those in oscillographs and other cathode ray tubes. 

1 he fact that in fluorescence microscope.s the objects are .self-luminescent 
and not viewed by means of reflected or tran.smittcd light does not make 
a great difference in the theoretical maximum resolution which is in both 
cases defined by the wave-length of visible light and the numerical aperture 
of the objective. But if the fluorescence intensity is strong enough the 
method might be used for ultramicroscopy as with dark field illumination. 
Without showing any details of form or structure, individual objects of 

diameters Ixtlow the limits of resolving power might .still be located and 
their movements obser\'ecl. 


*' J. Gallup, J. Optical Sue. Am.. 6. 213 fl930). 



CHAPTER IV. 

LUMINESCENT MATERIALS AND THEIR PROPERTIES 


1. General Survey 

For two reasons it is difficult to define the lim between luminescent 
and non-luminescent substances. The problems are of intensity on one 
side and of purity on the other. A substance usually classified as “non- 
luminescent” may show, under strongest excitation, a very weak emission 
observable only with eyes fully adapted to complete darkness or by over- 
long photographic expo.sure. Such cases are of small practical interest. 
We .shall list a material as luminescent only when its emission can be 
observed without difficulty under normal conditions. Even in accord 
with this restriction many substances seem to be luminescent, although 
the luminescence is no property of the substance as such, but is due to 
.small, and often, unknown traces of impurity. 

Thus so-called pure distilled water shows an easily visible violet fluores- 
cence when it Is irradiated with light of the near U.V. region.' By re- 
peated distillation of the water the fluorescence becomes weaker, though 
it seems to be impossible to make it disappear completely. A similar 
behavior is characteristic for many other liquids like alcohol, benzene, 
glycerin, 2 etc.* On the other hand, the moistened surface of many non- 
colored inorganic salts emits a bright blue fluorescence and phosphorescence 
under black light excitation.® Among these salts are several like silica 
which are not soluble in water and which are not excited to any lumines- 
cence by black light when their surface is dry. Diamonds of the purest 
quality are frequently not fluorescent. Other samples show a strong blue 
or yellow fluorescence and some are even phosphorescent with a rather 
long lasting afterglow. Though this light emission is certainly not a 
characteristic property of the carbon atoms in the diamond lattice, it is 
not yet possible to ascribe it to any known source. 

• After distillation in vacuo ethyl alcohol becomes fluorescent only when it has 

been exposed for some time to the influence of atmospheric air. Dudd contends 
that even some of the most brilliantly fluorescent dyestuff solutions like an aqueous 
uranin solution, become non-fluorescent after repeated recrystallization of tne 
dyestuffs and regain their luminescence only after exposure to the atmosphere. 
However, this statement has never been corroborated by any other author and ca 
not be accepted us correct fo r the time being. 

1 A. Carrelli, P- Pringsheim, and B. Rosen, Z. Physik, 61, 511 (1928). 

* S. I. Vavilov and L. A. Tumermann, ibid., 64, 270 (1929). 

»J. Ewles, Trans. Faraday Soc., 36. 119 (1939). 
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Numerous substances which are not photoluminescent or only very 
slightly photoluminescent are excited to strong fluorescence or phos- 
phorescence by cathode ray bombardment or x-rays. It must be kept in 
mind, however, that by some kind of chemical reaction this irradiation 
itself creates new impurity centers, which become the carriers of the 
luminescence. It is a well-known fact that many colorless inorganic salts 
acquire color under the impact of cathode rays or x-rays. This colored 
modification is in many cases photoluminescent and “thermoluminescent.*' 
Similar effects are sometime.s produced by short-wave ultraviolet light 
with inorganic crystals as well as, more frequently, with organic com- 
pounds. Cyclohexane, for instance, was supposed to be fluorescent 
under the action of ultraviolet light until Padmanabhan^ proved that this 
fluorescence appeared only after a period of illumination and was due to 
an impurity produced in pure cyclohexane by a photochemical reaction. 

Concerning the nature of luminescent substances and their characteristic 
properties, the following rules in general prevail. In a condensed state 
(liquid or solid) practically no pure elements and very few simple com- 
pounds are luminescent.* 

Most substances with a strong luminescence are white or at least not 
deeply colored. Though many dyestulTs show a brilliant fluorescence, it 
is not in contradiction with the rule, since the fluorescence yield of these 
compounds is high only in very dilute solutions. 

Many sub.stances become luminescent, or their luminescence is .strongly 
increased, when they are cooled down to liquid air temperature. Heating 
to a certain upper limit, which lies usually between 100 and 400® C., de- 
.stroys the fluorescence in almost every case. 

Liquid solutions are practically never phosphorescent, though in very 



In the solid state many compounds show an afterglow easily observable 
with a phosphoroscope or even lasting .several seconds.* However, phos- 
phorescence persistent over many hours, and “frozen in” at low tempera- 
tures over day.s and weeks, is almost exclusively a proj)erty of “crystal 
phosphors” activated with small traces of an impurity.! 


• Tlip only oxcf|»tioii known so fnr i.s tin- cathodo- and canal ray lutninesccnec of 
solid nitrogen at tlie temperutun* of lir|uid hydroKOU- The pliotolumine.socnec of 
yellow phosplioni.s* mentioned by Randall is at least doubtful.® 

t The only exception to this rule, of which we are aware, is the platinocyanides. 
At room temi)erature their luininesoence is ol very short duration. When immersed 


*R. Padmanabhan, Mem. Ind. Inst. Sci., A2, 209 (1935). 

* L. Vegard, Physik. Z., 25, 685 (1921); T. C’. McLennan and J. Shriim, Froc. Roy. 
Soc. London, A106, 98 (1924). 

‘ J. T. Ran<laII, Trans. Faraday Soe., 35, 2 (1939). 

’ S. Boudin, y. cliim. phy8.,21, 285 (1930) ; II. Kautsky, Chem. Ber., 68. 153 (1935). 

• E. Wiedemann and O. C. Schmidt, Ann. Fhysik, 68, 103 (1896). 
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The light emission capacity of many substances which are luminescent 
under normal conditions is diminhhed or totally suppressed by the pres- 
ence of some other substances. Oxygen, the halogens both in the molecular 
and the ionic state, in other cases metal such as iron or nickel, or organic 
compounds such as aniline, phenol, resorcinol or pyrogallol, have such a 
"quenching” effect, but the same substance which inhibits the luminescence 
in one case may be quite inefficient in another.*®* Since in a solution the 
molecules of the solvent may act simultaneously as quencher, the fluores- 
cence yield of a given substance may have very different values in different 
solvents. In general, other conditions being equal, the quenching effect 
is the stronger, the longer the lifetime of the excited system. Hence the 
afterglow of a luminescent substance is inhibited by much smaller concen- 
trations of a quencher than a fluorescence of short duration.* 

Luminescent substances can be divided into three main classes: 

1. Organic compounds. — Among these are not only many substances 
of well-known chemical composition, but numberless complex matters 
produced by nature or by human craftsmanship. Almost every part of 
the human or animal body is fluorescent, skin, tissues, fat, nails, teeth, 
hormones and vitamins, milk and eggs; also leaves, fruits, plant extracts, 
flour, oils, resin, wood pulp, cellulose, paper, silk, etc, Even where the 
chemical composition of such substances is known in principle, they are 
never pure in the sense of fluorescence analysis, and relatively seldom the 
real carrier of tlie luminescence can be traced as an essential and constit- 
uent part like chlorophyll in leaves or riboflavin in milk. In many other 
cases the fluorescence may be perfectly accidental and not connected at 
all with the nature of the .sulxstance. 

2. Pure inorganic compounds, of which only a very restricted number is 
known. 

3. Inorganic crystals and glasses activated by inorganic impurities. — In 
this class it is once more useful to distinguish between .synthetic products 
of well-known and carefully .selected composition and natural minerals. 

in liquid air, however, they are able to store up a part of the e.xcitation energy over a 
considerable period. The phenomenon of “frozen-in phosphorescence" was discov- 
ered by Dewar on barium platinum cyanide.* 

• For instance, bromide ions are very efficient quenchers for quinine sulfate, they 

have little influence upon the fluorescence of an acsculin solution and they strongly 
increase the fluorescence of thallous sulfate, all in aqueous solution. On the other 
side the thallium fluorescence is quenched by ferrous ions. Traces of ethyl alcohol 
quench the fluorescence of uranyl sulfate in HjSO«, while uranin dissolved in ethyl 
alcohol yields a most brilliant fluorescence. 

* J. Dewar, C'hem. News, 70, 252 (189-1). 

G. K. Rollcfson and R. W. Stoughton, J. Am. Chem. Soc., 61, 2634 (1939); 62, 
2264 (1940); 63, 1517 (1941); W. West and W. E. Miller, J. Phys. Chem., 8, 849 (1940). 
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With regard to the luminescence of minerals the remarks made about 
natural organic compounds could be repeated almost verbatim. 83^1- 
thetic chemical compounds of more or less doubtful purity take an inter- 
mediate position between these two classes. 

Within the scope of this book it is not possible to give a list, even tenta- 
tively coMplete, of all luminescent substances of welUdefined chemical 
composition, though such a list, based on the most recent results and not 
repeating over and again old erroneous assertions would be very useful.* 
On the other hand it would be of rather doubtful value to enumerate all 
qualitative observations concerning fluorescent substances, as long as these 
observations do not lead to anything beyond the knowledge that these 
materials or even only certain samples of them can be excited to fluores- 
cence. 

In the following sections and in the tables at the end of the volume there 
is made a rather restricted selection of such luminescent substances as seem 
to be of special interest for some kind of application, either because their 
luminescence is so characteristic that it can be used for analysis, or because 
it is so strong that it can serve for illumination or similar purposes. 

2. Organic Compounds 

A good many hypotheses have been enunciated in the course of a century 
concerning the connection between the chemical constitution and the fluores- 
cence of organic compounds. Our knowledge, however, of .such relations 
is still very meager and can be reduced to two or three sentences. 

The problem is too frequently confounded with the problem of lig}xl 
absoTplion in organic compounds. This second problem has been resolved 
semi-empirically to a certain degree by the dyestuff chemistry. For the 
simplest cases it is even accessible to exact treatment by quantum me- 
chanics."* Apart from the fact that light ab.sorption Ls essential for the 
production of photoluminc-scencc, and that, by Stokes’ law, the wave- 
lengths of the absorption bands and the emission bands arc related to each 
other, the fluorescence problem has nothing to do with the absorption 
problem. A perfect knowledge of the light absorption power of a molecule 
doe.s not provide the clue to the puzzle whether the molecule is able to 
re-emit ab.sorbed cnerg>' as light or whether the molecule converts it into 
heat or another form of energy, or in other words: why and under what 
conditions an organic compound is or is not photoluminescent. 

In principle the different behavior of different molecules can be ex- 

• The latent compilation of thin Uitui s<*em.s to hr the one in Kaysor’s flandbuch der 
Speclroscopif, Vol. 4. This list was very complete in its time (1908), hat since 
then the material has increased at least tenfold. 


A. L. Sklar, J. Phy$, Chem.,6, 669 (1937). 
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plained from the theoretical point of view. If light energy is absorbed by 
a molecule and is neither re-emitted in the form of luminescence nor spent 
in some kind of chemical reaction, it can only be converted into heat. How- 
ever, according to the Franck-Condon principle, a direct transition of 
electronic excitation energy into kinetic energy of the surrounding mole- 
cules (or into heat) has an exceedingly small probability. But if a poly- 
atomic molecule in a state of electronic excitation and small vibrational 
energy can reach a nuclear configuration which can also be reached in the 
electronic ground state with high vibrational energy, then the passage from 
one of these states into the other can have a very great probability. Thus 
by a process of “internal conversion” the absorbed light energy is at first 
converted into oscillations of the atoms forming the absorbing molecule 
and from there it is transferred into translation energy of other molecules. 

If the probability of internal conversion is much greater than the prob- 
ability of light emission, the molecule is not able to fluoresce. Actually 
no rule is known which would allow the prediction of the probability of 
internal conversion in a given molecule, and the problem of the appearance 
or non-appearance of fluorescence is not yet much advanced by these 
theoretical considerations. 

It is certain that a closed ring structure favors the appearance of lumi- 
nescence by the rigidity which it confers upon the molecule.'* Practically 
all aromatic hydrocarbons consisting exclusively of condensed phenyl rings 
are fluorescent, from benzene up to anthrodianthrene containing nine such 
rings. The same is true for many heterocyclic closed ring compounds like 
coumarin, acridine, carbazole, quinine and many others. Diphenyl, in 
which two benzene rings are linked by a simple bond, is much less fluores- 
cent than carbazole or phenanthrene.'** But to make this rule not too 
general, the diphenyl polyenes show a very strong U.V. or visible fluo- 
rescence.'^ 

It is, moreover, a rule that the substitution of hydrogen atoms in the 
phenyl rings of an aromatic compound by certain other atoms or groups, 
e.specially by halogens, reduces their fluorescence, even though their ab- 
sorption power is increased. This is, for instance, true for chlorobenzene 
compared to benzene, or for erythrosin as compared to fluorescem. 
Many other substitutions are mentioned in older treatises as “auxoflor 
or “diminiflor,”'® but these statements are very conflicting, they refer in 

• Compare tl»c formulae in Tables XVII an d XVIII. 

I**’ J. Franck and R. Livingston, J. Chem. Phys., 9, 184 (1941). 

‘5 J. Stark and R. Meyer, Physik. Z., 8, 250 (1907). 

II. Ix’y and H. Spocker, Z. wiis. Phot., 38, 96 (1939). 

I* K. W. Hausser, U. Kuhn and K. Kuhn, Z. physik. Chem.. B29, 417 (1935). 

II. Kaufmauii, Phystkalische Eigenschafteu und chemische Konstitution. Enkc, 

Stuttgart 1920. 
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general only to a very restricted type of compounds and they do not take 
into account simultaneous changes of the absorption power. To mention 
just one example, the fluorescence spectra of xylene, toluene, and other 
simply substituted benzene derivatives ver>' closely resemble the spectrum 
of benzene itself, but naphthylamine shows a strong blue-green fluorescence, 
while the emission spectrum of naphthalene is limited to the ultraviolet 
region between 3000 and 3700 A. 

None of the rules found so far is able to explain why the fluorescence 
yield differs so widely under similar conditions and why it is influenced 
so differently by the same external conditions. For instance, while under 
black light excitation the fluore-scence yield for anthracene dissolved in 
benzene is 24%, it is close to 100% for pure crystalline anthracene. Naph- 
thaccne, hardly fluorescent as a pure crystal and yielding not more than 
6% in xylene solution, has a fluorescence efficiency of nearly 100% when 
dissolved in solid anthracene. And rubrene, with almost no fluorescence 
in the pure solid state, can be excited to most brilliant fluorescence with a 
quantum yield close to 100%, when dissolved in benzene.*® 

Of more than 1,450 dyestuffs listed in the color index not more than 85 
are characterized as fluorescent. Of these not a single one belongs to the 
most extensive group of the azo dyestuffs. The most brilliantly fluorescent 
compounds are to be found in the xanthene group: fluorescein, eosin and 
the rhodaminos; in the acridine group: euchrysine, trypaflavine, choriphos- 
phine; in the thiazole group: priinulin and thioflavin; in the azine group: 
magdala rod and safranine; and amongst indanthrene dyes, which are ke- 
tones of high aromatic hydrocarbons. 

(’omparing these dyestuffs with others, it is remarkable that they once 
more consist almost exclusively of perfectly closed ring.s.** It fits well into 
the rule, that diphenyl and triphenyl dyes likeauramine, malachite green, or 
crystal violet are not fluorescent in alcoholic or acnieous solutions as are all 
the others mentioned above. They arc closely related to the xanthene or 
acridine dyestuffs, but have an open l)ridge between two phenyl rings which 
is clo‘-‘cd into a ring in the fluorescent compounds. 

It must be empiia^ized that the fact that a dye is not characterized as 
fluorescent in the color index is no proof that it is not fluorescent at all. 
In some ca«c.s, as for erythrosin and ro.se bengale, which are expre.ssly singled 
out as not fluore.scent, the fluorescence yield is very .small indeed in alco- 
holic or aqueous solution.s at room temperature (Table lA'). In other 
cases like thionine and methylene blue the red fluorescence has probably 
been overlooked, because it is best excited by light of nearly the same 
wave-length. 

A[)art from these rather unimportant exceptions, however, the character- 
J. \V. Bowen and A. H. Wjlliamd^ Trans. Faraday Soc.^ 36, 765 (1939). 
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should not be used with much confidence.* The only exception is 
quinine and its salts, which have been examined very carefully and under 
very different experimental conditions. 

The exact spectral location of the absorption and luminescence bands of 
organic compounds is influenced by the nature of the solvent or adsorbent 
within certain limits. This influence does not always act in the same degree 
or even in the same direction for different compounds, and there is no un- 
equivocal coimection with any property of the solvent, e.j., its refractive 
index, its dielectric constant, or its dipole moment.! The same is true 
with respect to the fluorescence yield. If a compound has essentially the 
same luminescence spectrum as vapor, in liquid and solid solutions, and 
as pure solid, the fluorescence bands are alway.s shifted in this order towards 
the red end of the spectrum. 

Among the liquid solvents hexane is frequently the most useful. It 
has neither absorption nor fluorescence bands of its own in the spectral 
region above 2000 A, it is chemically inactive, and it has no dipole moment. 
For the same reasons sugar is an advantageous solid solvent. The phos- 
phorescence of most compounds is brighter in boric acid, but the emission 
spectra are influenced by the acidity of the solvent.-* Finally it may be 
mentioned that most dyestuffs show new emission bands in .solid solutions 
at low temperatures. These, however, will hardly be of any practical 
interest. 


3. Pure Inorganic Compounds 

If the number of pure inorganic substances is restricted to those which 
posse.ss fluorescence power a.s a charactciistic property of their molecules, 
the list is very short, In the hrst place it contains the rare earth metals 


• According to .And^nt the fluorescence spectra of all solid alkaloids vary when 
the wave-length of the exciting light is changed. This is in contradiction to the 
behavior of almost all other fluorescent substances and seems to prove that the 
alkaloids under investigation were not pure.** 

t This is apparently due to the fact that the superimposed influences of polarity 
(molecular electric moment) and index of refraction (dielectric constant for high 
freijuencies) can act either in the same or in opposite directions. .According to 
results published by Sheppard the absorption bands of a great many dyestuffs are 
shifted quite regularly towards greater wave-lengths with decreasing index of refrac- 
tion of the solvents as long its only solvents of the same polarity are taken into ac- 
count. The same may be true for the fluorescence bands, though here no actual 

.■neasurements arc at hand.’* 


»> P. Andant, Compt. rend., 186, 713 (1927). Also F. W. Danckwortl. Lumineszenz 
Analyse, Akademische Verlagsgt'stdlschaft, Leipzig 1928 (3id cd,, 1934); and J. A 
De Ment, Fluorescenl Chemicals. Chemical Publ. Co., Brooklyn 1942. 
w E. Sheppard, Rev. Modern Pkys., 14, 303 (1942). 

« G. N. Lewis, D. Lipkins, and Th. T. Magel, J. Am. Chem. Soc., 63, 3005 (1J41). 
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europium, dysprosium, therhium, samarium, and gadolinium or rather 
their trivalent positive ions Eu"*^, Dy*-*-*-, Sm+^ and Gd+++ 

and the uranyl salts or, rather again, the uranyl ion UO++.« Then follow 
somewhat less decidedly the platinum cyanide radical and finally the silo- 
xene group SijHsOj, and this is about all. 

The absorption and fluorescence spectra of the rare earth ions are ex- 
ceedingly characteristic (Fig. -10). With compaiatively small shifts they 
remain the .«ame in all kinds of liquid and solid solutions and in a great 
number of organic and inorganic salts. The anion in the solid salts and the 
solvent in the solutions have only a secondary influence. In a few solid 



Fig. 40. — Characteristic fluorrsceiicc spectra. 

a. Europium salt. c; .\tithraeenc commercial 

b: Uranyl sulfate in water. f: .\nfhrarenc pure 

c: Anthracene commercial, solid. Chlorophyll a 

d: Anthracene pure, solid. h; Chlorophyll b 


ciissolvofi 
in l>onzciie 


crystals as in the anhydrou.s chlorides and the oxides the fluorescence is 
missing. 

I'he only mtdallic ion outside of the rare earth group known to be 

• Other rare earth ions like tho.s»r of praseoilymiiim or erbium are Rood activators 
as impurilies in other erystals or Kbis-ses, but they are not fluore.srcnf a.s pure .salts 
or in liquid .solutions. It shouM Ik- mentioned, however, that .some divalent rare earth 
loiiH aLso are Buorescent in aqueoii.s .solution Their speetra are different from those 
of the tnvalont lonn and miu K le.ss cliaractnrislif*. 


** H. Tomaschek and O. DeuUcLbein, Ann. Fhyfitk, 16, 943 (1933); 28, 673 (1937)- 
29 , 311 (1937). * 

** h. L. Xichok and 11. L. Carn^ijif In^l. Wash. I^ub., No. 298 (1920) 
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fluorescent in aqueous solution is the thallous ion The luminescence, 

excited only by short wave-length ultraviolet radiation (X < 2500 A), is 
much enhanced in solutions containing high concentrations of Cl” or 
Br” ions, apparently due to the formation of some complex ions. Even in 
pure water the solvation of the T1+ ion plays a part in the fluorescence. 
Pure thallous salts in the crystalline state are not fluorescent. 

While the fluorescence spectra of the rare earth ions are typical atomic 
line spectra, those of the UO"^ ions are typical molecular band spectra 
(Fig. 40) . They are observed in almost all solid uranyl salts (sulfate, chlo- 
ride, phosphate, acetate, and also many double salts such as sodium uranyl 
sulfate) and their liquid and solid solutions. Also in this case the natureof 
the anion, the second metal in a double salt or the solvent does notchange 
the general aspect of the emission spectrum. It must be emphasizedthat 
the fluorescence of uranyl salts under light or cathode ray excitation has no 
connection whatever with their radioactivity, notwithstanding the fact 
that by an erroneous analogy the fluorescence of uranium salts led Bec- 

querel to the discovery of radioactivity. 

The luminescence of the rare earth ions, as well as of the uranyl ion, is a 
“.slow fluorescence” with a relatively long lifetime of the order of 10 * 
and 10"* sec. respectively.®’ The fluorescence spectra correspond to for- 
bidden transitions (electric quadrupole or magnetic dipole radiation) in 
both cases. Notwithstanding the long lifetime of the excited states the rare 
earth fluore-scence is very slightly sensitive to quenching, the fluorescence 
yield being very high in all kinds of liquid solutions. On the other hand the 
uranyl fluorescence is easily quenched in liquid solutions by most organic 
compounds and the yield is low in aqueous solutions. 

The platinocyanides were quoted above as less charactenstic for this 
class, because until recently their very strong fluorescence seemed to be 
restricted to the crystalline .state and, for color and intensity, highly de- 
pendent on the second metal, on the crystal water content and on the 
symmetry class of the crystal lattice. Khvostikov proved, however, that 
the Pt(CN)— ion is itself fluorescent, although its fluorescent power \s 
greatly enhanced by the formation of complex molecules in the crystals. 

The fluorescence of siloxane has been observed only in solid compounds, 
but considering its ring structure, which is very similar to the structure o 
the benzene ring, it .seems justified to assign the fluorescence to the molecu 
itself and not to an impurity. Besides, this fluorescence has so far no 
portance for any kind of application.” 

M P. Pringshoim and H. Vogels, Physica, 7. 225 (1939). 

»» F. Perrin and A. Delorme, J. phys. radiutn, 10, 177 (1925). 

»» J. A. Klivostikov, Physik Z. Sowjelunion, 9, 210 (1936). 

” H. Kautsky and 0. NeiUke, Z. Physik, 31, 60 (1925). 
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There are several simple inorganic compounds which can be excited to 
strong fluorescence in the crystalline state only, apparently without con- 
taining any “activating” impurity « The most important and most 
thoroughly investigated of these compounds is zinc sulfide. It is generally 
admitted now that in fluorescent ZnS “interstitial” zinc atoms play the 
part of an activating impurity. With regard to many other salts listed by 
different authors as being fluorescent it is very probable that the samples 
under investigation were not .sufficiently pure. Frequently even the fluo- 
rescence color is not the same for the same compound according to the 
assertions of different authors. Calomel probably belongs to the type 
of crystals without foreign impurities. Under black light excitation it 
always emits a strong orange fluorescence. However, it is practically 
impossible to prepare mercurous chloride (HgsCh) which does not contain 
some mercuric chloride and some free mercury in equilibrium. 

The Mn halides, Mn silicates and perhaps some other manganese salts are 
fluorescent in the crystalline state under black light excitation.®* The 
emission spectra are so characteristic that one is forced to ascribe them to a 
complex containing the Mn"'"^ ion, and not to some foreign impurity. Mn 
is also one of the most effective activators for other crystals as shown in 
Table IX (see p. 83), and thus it seems rea-sonable to siippose that activat- 
ing interstitial Mn ions are the origin of the luminescence in both cases. 
In aqueous solutions of Mn'^*’ salts, manganates, or permanganates, no 
lumine.scence due to the pre.sence of mangano.se has ever been ob.servcd. 

It is much more questionable whether the fluorescence of another group 
of inorganic crystals should be ascribed to the existence of “interstitial” 
metal atoms. The most important member of this group is C’aWO<. It 
is quite plausible that the complex ion W07” is the carrier of the fluores- 
cence power in calcium tungstate ju.st a.s the VOt* ion is the “fluorophor” 
in the uranyl salts. Fluorescence of ii-olated ions has never been as- 

certained. However, since “pure” crystalline ZnS, CdS, ('aWO^, etc., can 
also be activated by foreign impuritic.^, and since they have in their gen- 
eral behavior as well as in the mode of their applications almost everything 
in common with the typical “impurity” phosj)hoi-s, they are treated 
jointly with the.se in the following section. 

4. Synthetic Inorganic Phosphors 

Almost every crystalline inorganic .calt which is not strongly colored and 
contains some sort of impurity is more or less luminescent, but a rela- 
tively small number of such compounds has been found to be ser\ iceable for 
practical application. The properties wanted are not the same for everv 

F. Seitz, J. Phya. CAem., 6. 451 MOSS); X. Riehl, Ann. Physik, 29, G30 {1937). 

J. T. Ilaiulall, Proc. Roy. Soc. London, A170, 272 (1930). 
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purpcse, but in general the following conditions must be fulfilled: high 
luminous 3 deld, sometimes in a specific color; if destined for photolumines- 
cence, excitation by light of certain wave-lengths;stability ag ains t, destruc- 
tion by exciting radiation as well as against moisture aijd atmospheric 
influence; high melting point; high upper temperature limit of luminosity; 
long afterglow in some cases, no afterglow in others. 

Table VIII contains the basic materials for all important phosphors which 
are in general use. Selenide and oxide phosphors” and vanadates” with 
properties similar to those of the sulfides and tungstates, respectively, have 
been prepared but have not yet found practical application. While papers 
dealing with alkaline earth and zinc sulfide phosphors are almost innumer- 
able, and fairly complete accounts on silicate and tungstate phosphors are 
at hand, publications concerning borate or phosphate phosphors are hardly 
existent. 

ZnS and CdS and the tungstates and molybdates belong to the class 
which is fluorescent without a foreign activator. They are phosphorescent, 
however, exactly like all the others only when activated by some impurity.* 
In the latter case the blue fluorescence of ZnS is suppressed by the emission 
bands of the activator (Ag, Cu, Mn).” The luminescence of CaW 04 
does not vary with regard to its color when the material is activated with 
As, Sb or Pb.^* \Vhen activated with traces of Sm, CaW 04 and MgW04 
show a strong red afterglow of very short duration.” Pure Zn 2 Si 04 is not 
fluorescent under light excitation. Under electron bombardment it emits 
a pale blue fluorescence which vanishes as soon as the phosphor is activated 
with Mn.” The afterglow of manganese activated zinc silicate decays ex- 
ponentially with a half life of about 10 milliseconds. After about 30 
milliseconds a second phase of the afterglow with a much slower hyperbolic 
decay prevails, contributing only a few per cent to the total light emis- 
sion. By addition of 0.5% arse'-’c oxide to the phosphor the relative con- 
tribution of the second emission phase increases to 75% of the total output, 
while the initial intensity decreases only by about 15%. Thus the average 
duration of the afterglow becomes appreciably longer, the luminescence 
spectrum remaining unaltered. With higher arsenic concentrations (5%) 

* Below —100® C. "pure” CaWOi shows a long lastingafterglow according to 
Ticde and Schleede.’* 


« G. R. Fonda, J. Phys. Chem., 44, 435 (1940). 

H. W. Leverenz and F. Seitz^ J. Applied Phys., 10, 479 (1939). 

E. Tiede and A. Schlcede, Z. BUklrochem., 29, 305 (1923). 

J. H. Gisolf and F. A. Kroeger, Physica, 6, 1101 (1939). 

F E. Swindells, J. Optical Soc. Am., 23, 129 (1933). 

« R. P. Johnson and W. L. Davis, ibid., 29, 283 (1939);W. De Groot, Physica,!, 

432 (1940). 
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the luminescence is completely quenched. Similar effects are observed 
with cadmium silicates and zinc beryllium silicates.** 

Of the phosphors listed in Table VIII the sulfides alone (and also the 
selenides and some oxides) can be prepared so that they yield a persistent 
phosphorescence, sometimes lasting over many hours at room temperature. 
A relatively strong afterglow of the longest duration is obtained with some 
CaS and SrS phosphors. The afterglow of Cu activated ZnS immediately 
after excitation is exceedingly brilliant, but fades much faster than the 
luminescence of the Ca and Sr phosphors.*® The phosphorescence of Ag 
activated ZnS is only of short duration." 

The luminescence processes of short duration, which are in general the 
most important ones for fluorescent lamps and fluorescent screens, belong in 
part to the hyperbolic (bimolecular) type as for ZnS or CdS, and in part to 
the exponential type as for the silicate phosphors or CaW 04 .*‘ As the 

Table VIII 

Basic Materials op Phosphors 

Sulfides of Zn, Cd, Ca, Sr (Mg)* 

Tungstates of Ca, Cd,. Mg (Li) 

Molybdates of Ca (Mg) 

Silicates (germanates) of Zn, Be, Cd (Zr, Ti, Mg) 

Borates of Zn, Cd 
Phosphate of Cd 

• ParentheBc.s (. ) indicate that the pho.sphors prepared with that metal are less 
important. 


total duration of the afterglow is in general only of the order of milliseconds, 
this discrimination is interesting only from the theoretical viewpoint. 

Only the crystalline modifications of the compounds listed in Table VIII 
are luminescent. Tungstates or sulfides precipitated as amorjihous 
powders* or silicate gels are not fluorescent.^f The crystallization is ob- 


it 18 very instructive in this connection that KCl precipitated from an aqueous 
solution containing traces of a thallous salt show.s not only fluorescence, but even a 
long lasting phosphorescence, after being superficially dried. For various reasons 
these phosphors are useless for practical applications. 

t According to Fonda a red fluorescent modification of Mn activated zinc silicate 
IB amorphous. The fluorescence is rather weak and the question concerning the 
noncrystallinc structure seems to be not quite settled. 


“ H. C, Froclirh and G. R. Fonda, J. Phys. Chem., 46, 878 (10-11). 

** G. F. A. Stutz, J. Optical Soc. Am., 32, 626 (1042). 

A. Schleede and B. Barlck, Z. lech. Physik, 19, 365 (1038) 

29 N. C. Beese, ibid., 

29. 26 (1939); W. De Groot, Pkystca, 6, 275 (1939). 

** E. Tiede and A. Schleede, Z. Eleclrochem., 29, 305 (1923). 
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tained by firing the precipitates at temperatures which are different for 
different compounds. Simultaneously the atoms of the activating impuri- 
ties are enabled to diffuse into the crystal lattice of the basic material. 
The process of crystallization and of formation of the phosphor is greatly 
facilitated by the presence of a flux, some colorless inorganic salt like 
KCl, CdClj, LiF, NaiSO^, etc. The part played by the nature of the flux 
is not too well understood. It does not seem to have a direct influence on 
the finished phosphor. Frequently it is possible to remove the flux after the 
preparation by means of a solvent which does not attack the phosphor 
itself, without any change of its luminescent properties.*^ Some of the 
phosphors can also be prepared, at higher firing temperatures, without the 
use of a flux. Probably the action of the flux is of a secondary nature. 
It determines the temperature at which crystallization sets in, the speed of 
crj'stallization, and the diffusion of the activating impurity, and thereby 
the quality of the finished phosphor. The choice of the flux which is most 
advantageous for the preparation of a phosphor with special properties is 
still more or less a matter of empiricism, as pointed out in the historical 
introduction. \\’ben fluorides are used as flux, the resulting phosphors are 
very hard and difficult to grind. Partial vitrification of the final product in 
the oven .should always be avoided for the same reason. Small laboratory 
.samples arc produced easily, but when batches of 25 pounds and more are 
fired at a time, the oven heat distribution throughout the powder is a 
difficult problem. 

The question of the importance of grinding and of particle size for the 
properties of phosphors is still somewhat controversial. According to 
i.enard the grinding itself destroys the luminosity of the sulfide phosphors 
(“Druckzcrstoorung”). Other authors are of the opinion that the surface 
layers of the crystalline grains differ in structure from the deeper layers 
which are prevalent in larger grains. Riehl and Ortmann assert that the 
real luminous yield is changed very little by grinding, and that the apparent 
decrease of luminosity is duo to the stronger diffuse reflection of exciting 
light by too finely ground powder-s.** At any rate it does not seem to be 
advisable to grind sulfide phosphors into particles of diameters less than 
0.1 mm. In contradistinction the fluorescence brightnes.s of silicate phos- 
phor-s i.s .supposed to increase with decreasing particle diameters down to 
0.0008 mm.*® 

The number of impurity molecules able to activate phosphors is very 
large; it .seems to be largest in the case of the alkaline earth sulfide phos- 

« E. Tiede and A. Schlccde, Chem. Ber., 63, 1721 (1920); G. It. Fonda, J. Phys. 
Chem., 44 , 851 (1940). 

N. Riehl and H. Ortmann, Ann. Phy^ik, 29, 556 (1937). 

M, S. Oldham and \V, Kunerth, J. Optical Soc. Am., 31, 102 (1941). 
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phors. The same activators need not be serviceable in general for differ- 
ent basic materials. One condition seems to be that the ionic (or atomic?) 
radius of the activator is smaller than the radius of the cation of the basic 
lattice.** Table IX gives a survey of the more important activators for 
different phosphors. If an element listed in the top line is marked + it is 
an activator for the phosphor in question ; if marked — , it does not acti- 
vate; if marked 9 it is a “quencher.” A question mark means that nothing 
has been published about the case. 

It is certain that the activating impurities do not occupy analogous posi- 
tions in the lattices of all phosphors and that they do not have identical 
functions in different cases, even in the same basic material. In zinc sulfide 
Cu and Ag go into interstitial positions. By heating a “pure” ZnS phos- 


Table IX 

Activators for Different Phosphors 


Phosphor 

Activating impurity 

Cu 

Ag 
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Pb 
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Sb 
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•• The same for other silicates and germanates. 


phor in contact with CihS or Ag^S, Cu or Ag respectively migrates into the 
ZnS lattice at temperature.s between 300 and 400° C. at which no exchange 
between the Zn ion.s and the ioas of the foreign metal can occur. After 
some time the fluorescence of the pure zinc sulfide is supplanted by the 
luminescence due to the activator. In contradistinction, Mn, another very 
efficient activator for ZnS, does not enter the lattice at temperatures below 
950° C., but then real mixed crj’stals of (ZnMn)S are formed, with in- 
creased lattice dimensions, a.s shown by x-ray diagrams. And while the 
maximum concentrations at which (’u and Ag can be incorporated in ZnS 
are 10-* and 10-*, respectively, for the production of bright luminescent 
phosphors, as much as 50% MnS can enter the ZnS lattice.** The optimum 

X. Rich! and H. Ortmann, Z. physik. Chem., A188, 169 (1941). 


/ 


M IV. LUMNEeCENT MATEKIALS AND THEIB PROPERTIES 

fluorescence yield corresponds to a concentration of 2.5% Mn but at much 
higher concentrations the fluorescence is still fairly bright.*^ It is of course 
not possible to decide whether the real carriers of the luminescence are not 

Mn atoms situated at points where the ciystal lattice has some sort of a 
defect. 

Like MnS, CdS forms mixed crystals with ZnS.« However, Cd does not 
act as an activating impurity: it modifies the fundamental lattice only, as 
shown by x-ray analysis, and simultaneously the long-wave limit of the 
fundamental absorption band of the mixed crystal is shifted toward greater 
wave-lengths. If such mixed crystals are activated with Ag or Cu the 
luminescence bands and the corresponding excitation bands are steadily 
displaced towards the red end of the spectrum with increasing Cd content, 
as shown in Table X and Fig. 41.« Thus it is possible to prepare ZnCdS 
(Cu) or (Ag) phosphois with var5dng luminescence colors from blue green 
to red and, by mixing these phosphors, to produce light of almost any de- 


Table X 

Absorption and Lominescence Bands or ZoCdS Phosphors 


% Cd 

0 

10 

20 

30 

40 

50 

00 

70 

SO 

90 

100 

Long-wave limit of funda- 
mental absorption 

3460 

3580 

3720 

3900 

4115 

4270 

4450 

4700 

4820 

4930 

5120 

Peak of fluo- fCu 

5200 

5600 

6100 

6300 

6400 

6500 

6600 

6800 

7000 

7000 


reseence band \Ag 

4450 

'4650 

4800 


5100 

5600 

6000 


6700 


7000 


sired hue (Fig. 10, p. 20). Here again Mn differs widely as an activator 
from Cu and Ag. The Mn emission bands remain unaltered when a part 
of Zn is replaced by Cd in the fundamental lattice. The selective absorp- 
tion bands on the long wave-length end of the absorption spectrum in 
Figure 41, which are characteristic of manganese, remain unaltered also 
with increasing gadmium concentration in a ZnCdS(Mn) phosphor. 

Hardly anything is known about the location of the activating atoms in 
the lattice of the alkaline earth phosphors, not\vithstanding the enormous 
amount of work published about these phosphors since the days of the 
stone of Bologna. 

Like zinc sulfide, zinc silicate is able to form mixed crystals with the 
silicates of Mn, Cd and of Be, Zr, Ti and further, with the gerraanates of the 

F. A. Kroeger, Physica, 7, 369 (1939). 

« J. H. Gisolf, ibid., 6, 84 (1939). 

A. A. Guntz, Ann. chim. phys., S, 5 (1926); F. A. Ivroeger, Physica, 6, 783 (1939); 
K. Kamm, Ann. Physik, 30, 333- (1937). 
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same metals. Of all these additions to the original silicate Mn is once more 
the only activator, as a matter of fact the only knowm activator for silicate 
phosphors. The other admixtures change the lattice dimensions and in- 
fluence the location of the Mn fluorescence band. The optimum concen- 
tration of Mn is between 0.5 and 2.5 molar. Above 2.5% the luminescence 
intensity falls off rapidly at room temperature. At liquid air temperature 
Zn 2 Si 04 phosphors with 50% Mn still show a bright luminescence (curve 
b in Fig. 42). 

Mn activated ZnzSiO* can be prepared with three different emi.ssion 
bands : green, orange yellow, and red. The green band is the most luminous 
and is most easily obtained. The appearance of one or another of the 
bands depends mainly on the firing temperature and cooling speed of the 
phosphor after its preparation. X-ray diagrams prove that the cry.stal 
structure is different in the three cases (Fig. 43).“ The hypothesis that the 



Fig. 41. — Excitation spectrum of ainc cadmium sulfide phosphors activated with 
manganese, with different cadmium concentrations (Kroeger). 
a; 10%Cd. b:5%Cd. c:0%Cd. 

three emis.«ion bands belong to different ionic states of the activating 
atoms cannot be accepted. Mn is incorporated in all zinc silicate phos- 
phors as Mn"*^. 

In “mixed” ZnBe or ZnC'd silicate pho.sphors, the yellow band prevails 
under all conditions of preparation. Probably the presence of Be or CM 
favors the kind of crystallization corresponding to the emission of the 
yellow band. Preferential appearance of one band instead of another is not 
analogous to the steady shift of the fluorescence band in ZnCM sulfide 
pho.sphorswith increasing cadmium concentration (Fig, 42, cur\'es aand d). 

The occurrence of more than one lumine.scence band in phosphors of ap- 
parently equal composition is by no means an isolated case. In all alkaline 
earth and zinc sulfide phosphors the .same activating impurity is able to 
produce several “independent” phosphorescence bands. Which of these 

“ H. P. Uooksby and H. McKeag, Trans. Faraday Soc., 37. 308 (1041 ). 
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bands prevails in the luminescence spectrum depends in part on the mo- 
mentary temperature of the phosphor and in part on the method of its 
preparation, the heat to which it has been fired, the duration of the firing, 
the nature of the flux, and also on the concentration of the activator. Dif- 



Fig. 42 . — Emission bands of zinc silicate phosphors {Kroeger; Leverenz). 
a: 5% Mn annealed (a-Willemite). c: 10% Be and 5% Mn at room tempera- 

b : 20% Mn at - !«>'“ C. turc. 

- d; With 2% Mn quenched from 1600® C. 
to room temperature (^-Willemite). 



Fig. 43. — X-ray diagrams of zinc silicate phosphors (Rooksby and McKeag). 
a ; green fluorescent phosphor, b : yellow fluorescent phosphor. 

c ; non-luminescent cristoballite. 

ferences in the crystalline structure play no part in the case of sulfide phos- 
phors.* Not only the predominance of one of the independent bands, but 

• ZnS is known to crystallize in two modifications, as regular sphalerite (blonde) 
and hexagonal wurtzite, but there is hardly any difference between the luminescence 
properties of the two crystalline forms. 


SYNTHETIC INORGANIC PHOSPHORS 


87 


also the wave-length of the peak of each individual band is influenced by the 
conditions mentioned above.* 

In the sulfide phosphors an increasing concentration of the activating 
atoms increases the intensity of fluorescence relatively to the intensity of 
phosphorescence. In order to obtain phosphors with a long lasting after- 
glow, the concentration of the activator must be kept low.f Under this 
condition the fluorescence is very weak, while the phosphorescence is at its 
best.“ With regard to a so-called “optimum concentration,” it is therefore 
essential to know whether the optimum for phosphorescence or for fluores- 
cence is wanted. The value may also be different for excitation by light, 



fig. 44. L/Xcitation spectra of zinc silicate phosphors at different manganese 
concentrations (Kroeger). a; 1% Mn. b: 5% Mn. 

• 

cathode rays or x-rays. In the case of Zn*Si 04 (Mn) it even depends on the 
wave-length of the exciting light. For excitation by the line 3650 A 


• In order to complete this survey of the different ways by which the incorporation 
of an impurity may produce the activation of a crystal phosphor, the case of AhO, 
(corundum) may be mentioned, though aluminum oxide phosphors find hardly any 
practical application, apart from the use of synthetic rubies for jewelry. If the 
impurity, like Cr,Oi, PejO, or Ti,0, crystallizes isomorphously with corundum the 
impurity probably replaces the cations in the basic lattice without much strain and 
the resultant crystal is only fluorescent. If the impurity crystallizes in a different 
symmetry class like MnO, or TiO,, the crystal becomes phosphorcacent. 

t iigh tcrnperaiure and long duration of firing is also advantageous for the r>ro- 
duclion of phosphors with long persistent phosphorescence. 


bu^K Tomaschek. Pkosphoreszem and Fluorenzem {Hand- 

L^pzig 1928 ^ Verlagsgesellsc-haft. 
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which is very slightly absorbed in the fundamental lattice (comp. Fig. 44) 
the optimum concentration is as high as 4%; for 2537 A it is of the order of 
2%;for 760 A it is below 0.5%.**‘ 

The optimum concentrations are very different for different activators in 
one basic material, but also for the same impurity in different materials. 
The fluorescence and phosphorescence of CaW 04 (Pb) is quenched if the 
Pb concentration exceeds 1%.« LiW 04 containing as much as 20 and even 
40% Pb is still strongly fluorescent and phosphorescent. Though pure 
calcium molybdate is luminescent itself, addition of CaMo 04 to pure cal- 
cium tungstate destroys the fluorescence power of the latter.'^t 

In some cases the optimum concentrations are exceedingly small. Iron, 
for instance, can be used as activator in CaS at concentrations of the order 
of 10~®. At higher concentrations it quenches not only its own lumi- 
nescence, but also that due to any other activator present in the phosphor. 
Phosphorescence is always much more sensitive for quenching actions than 
fluorescence. According to Levy and West the addition of Ni at a con- 
centration of 2X10“* to a ZnS(Cu) phosphor destroys the phosphorescence 
excited by x-rays almost completely while the fluorescence is reduced to a 
much smaller degree and still remains at a very high level.®’ The addition 
of such "nickel killers” to zinc sulfide phosphors has made them useful for 
many applications where a strong afterglow would be harmful. 

At higher concentrations of a quenching metal not only the phosphor- 
escence but also the fluorescence Ls quenched. Even "activating” metals 
frequently become "quenchers” if their concentration is too high. Also 
in this ca.se different phosphors react differently to the addition of the same 
impurity, as shown in Table XI. ®^ Cu, the be.st activator for the sulfide 
phosphors, is a "killer” for silicates, borates and tungstates. Mn, a good 
activator for many sulfides and apparently the only one for silicates and 
borates, quenches the luminescence of tung.states. Cr acts similarly to, but 
less strongly than Ni and Fe, and is a good activator in very special cases 
only. Other heavy metals like Ag, Bi, Sn, Al in moderate concentration are 
relatively harmless in phosphors, which are not activated by these impuri- 
ties. If a phosphor contains more than one activator, the corresponding 
emission bands arc sometime.s superimposed in the luminescence spectrum, 
as in the ca.se of CaS activated with Mn and Bi. Or the emission band of 
one is supprovssed by the emission band of the other, as for instance the 
Cu band by addition of Bi, or the Sm bands by the addition of Pr to a 
CaS phosphor. 

For the different reasons mentioned in the foregoing sections all state- 

A. Ruettenauer, Z. tech. Pkysik, 19, 148 (1938). 

w** A. Schlecde and T, H. Tsao, Chem. Ber., 62, 763 (1929). 

L. Levy and D. W. West, Trans. Faraday Soc., 86, 128 (1939). 

J. W. Marden and G. Meister, Trans. Ilium. Eng. Soc., 84, 503 (1939). 
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ments regarding color, intensity and duration of luminescence for a given 
phosphor have not more than qualitative significance. For instance, the 
data published by different authors on the luminescence spectra of ZnCdS* 
(Ag) or ZnBe silicate phosphors, some of which are reproduced in Table 
X and Figure 42, disagree rather widely in many details. The optimum 
concentration of Mn in the same kind of silicate phosphors is given by three 
different authors for the same exciting radiation (Hg 2537 A) as 0.6, 1.5 
and 2.5%. 

Table XI 

Intensity of Fluorescence of Phosphors in tub Presence of a “Quencher” 

OP Concentration c% 

(Intensity of Phosphor Without Quencher = 100) 


Phosphor 

Quencher 

c 

Fe 

Ni 

Cu 

Mn 

Zdi SiO*(Mn) 1 

0.01% 

78 

78 

88 

+ 

0.1% 

30 

16 

23 

+ 

CdSiO,(Mn) | 

0.01% 

77 

90 

50 

-1- 

0.1% 

15 

70 

0 

+ 

CdBiO,(Mn) 1 

0.01% 

80 

90 

93 

+ 

0.1% 

47 

65 

47 

+ 

CaWO, / 

0.01% 

65 

•> 1 

? 

79' 

\ 

0.1% 

37 

? 

7 

$ 

47 

MgWO* |l 

0.01% 

93 

100 

99 

? 

0.1% 

83 

100 

87 

9 

$ 

CaS(Cu) 

i 0.01% 

30 

40 

+ 



For research work on phosphors it Is of the greatest importance that all 
material used is of the utmost purity. According to the analy.sis repro- 
duced on the labels, so-called pure oxides of the metals most frequently 
employed in the preparation of phosphors (Zn, Cd, Ca. Mg, W, B and Si) 
contain from 0.005 to 0.02% of other metals, in part Fe. In many samples 
the real percentage gf impurities is much larger. It is advisable to start 
with water .soluble salts like ZnfNOa)., ZnSO,, Sr(XO.)., ammonium 
tungstate, etc. The aqueous solutions arc purified by electrolysis and re- 
peated recrj'.stallization. Then the intermediate compounds, carbonates 
oxides, sulfides, tungstic acid, etc., are precipitated by the introduction of 
ammonium carbonate, H^S, HCI, etc., into the aqueous solution and these 
are hnaliy transformed into the phosphors. 

For preparation on a commercial scale these precautions need not always 
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be taken. Especially in the case of CaS and SrS phosphors ordinary 
“pure” commercial oxides, hydroxides, or sulfides may give quite satis* 
factory results. But one must be prepared to obtain products of rather 
different quality every time a new batch of chemicals is taken into the mix- 
ture, even if these chemicals all come from the same source. And it may 
happen that the brilliant phosphorescence of a product is really due to an 
unknoum impurity contained in one of the components of the mixture, so 
that it cannot be reproduced at will. 

CaS and SrS phosphors are prepared by mixing the powdered oxides or 
hydroxides of the alkaline earth with an equivalent quantity of pure sulfur, 
6 to 20% of a simple or compound flux and a very small quantity of the 
activating metal, which as a rule does not exceed 0.01%. Sr phosphors 
require only about half as much activating impurity as Ca phosphors. 
The mixed powder is fired during a period of about one hour to a tempera- 
ture between 900 and 1100“ C. and is then allowed to cool down slowly. 

ZnS is much more sensitive to quenching or activating impurities than 
the alkaline earth sulfides; the quantity of activating metals is in the 
average only about 1/10 of the quantity used in CaS phosphors. There- 
fore the preparation of good ZnS phosphors is a more difficult task. For 
commercial production on a large scale as well as for laboratory re.search 
work the prirnary material must be very carefully purified. Even if zinc 
ore is provided in the form of ZnS, this ore must at first be converted into 
ZnS 04 for a further treatment of the kind described above.* The firing of 
the sulfide, with or without an activator, is performed to great advantage 
in a high pressure furnace in the presence of a chemically inactive gas like 
nitrogen.®^" The firing temperature must be of the order of 1200® C. 

For the preparation of pure tungstate or molybdate phosphors, carbon- 
ates of Ca, Mg, etc. are heated with tungstic or molybdic acids for 
3Q min. to 1000® C. or GO min. to 860® C. respectively, or the amorphous 
precipitates obtained from aqueous solutions of W or Mo salts are fired 
to about 1000® C. in the case of tungstates, but to not more than 850® C. in 
the case of molybdates. Special care mu.st be taken to have the tungstates 
perfectly free from arsenate if phosphorescence of the product is to be 
avoided. 

For the commercial production of fluorescent silicates and germanates 
and their combinations the different metals (Zn, Cd, Be, Zr, Ti, Ge) are 
precipitated from an aqueous .solution together with Mn in the desired pro- 
jiortion upon finely divided .silica (gel or quartz powder). This mixture is 
heated for an hour to temperatures between 1000 and 1500® C. Firing to 
high tcmperaturc.s and rapid quenching to less than 1100° C. produces the 

• According to a patent of the New Jersey Zinc Co. the zinc sulfate solution can 
be purified by boiling at first with crude ZiiO and then witfiZn dust. 

E. Strcck, Z. 'phy^ik. Chem.^ A186 (1940). 
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yellow or red fluorescent types. The normal proportion of Si02 to ZnO is 
2 moles to one. The resulting compound is always the orthosilicate, Zna- 
SiOi. A surplus of SiOj (3 or 4 moles instead of 2) favors the production 
of the yellow fluorescent silicate. 

Only manganese activated phosphate phosphors are known. They are 
prepared by heating either pure cadmium phosphate (Cd 8 (P 04 ) 2 ) or a mix- 
ture of cadmium phosphate and zinc phosphate together with 1-2 per cent 
of manganese oxide to 700* C. for a period of 20 minutes. 

In order to obtain fluorescent zinc borate, ZnO and H3BO3 in the molar 
proportion of about 57:43 are mixed with 1 % of a Mn salt and heated to a 
temperature above 650* C. but not exceeding 950* C. While the mass 
fuses into a glass when quenched, it is converted into a strongly fluorescent 
microcrystalline powder by slow cooling. The fluorescence is green when 
the firing temperature is about 650*, and is red when the mass is fired 
to 950* C. In general both bands are superimposed producing a whitish 
luminescence. Without the addition of the activating manganese, “pure” 
zinc borate having undergone the same treatment is luminescent under 
cathode ray excitation. In this case the fluorescence and phosphorescence 
show a deep violet color, the emission band reaching from 4500 A far into 
the U.V. 


5. Minerals, Glasses 

The number of fluorescent natural minerals is very large. With few ex- 
ceptions they belong in the class of crj’stal phosphors activated by 
foreign impurities. The exceptions are uranyl compounds and Scheelite, 
the natural counterpart of synthetic calcium tungstate. In relatively few 
cases the activating impurity simultaneously produces the characteristic 
color of the mineral, which would go by another nW without the coloring 
^ent. Thus the red corundum only is called a ruby, only the green modi- 
fication of spodumene is known as hiddenite. Much more frequently the 
impurity which is the carrier of the fluorescence is not an intrinsic com- 
ponent of the mineral. Calcites or fluorites or diamonds with red, green or 
blue fluorescence or no fluorescence are classified as calcites, fluorites and 
diamonds. They cannot be identified as such bv observation of their 
fluorescence. Sometimes the nature of the activating impurity can be 
recognized by the analysis of the fluorescence .spectrum. In by far the 
most numerous cases, however, the fluorescence is not only not character- 
istic of the mineral, but the impurity from which it originates is not even 
known. Such minerals find their place in a collection of fluorescent stones- 

they may be employed for some kind of decorative di.splay but not for any 
really useful application.^^’ ^ 


J a'dp 5 <1935). Also H. C. Dakc and 

mi L ] A n “Tr'r'(v'" ChcnA™l Puhl. Co., Brooklyn 

41, and J. A. De .Menl. fluoresctnl Chemicals. Clicmical Publ. Co.. Bn.oklvn 1«)42. 



92 


rV, LUMINESCENT MATERIALS AND THEIR PROPERTIES 


While the classification of fluorescent minerals as crystal phosphors acti- 
vated by impurities is quite unequivocal, the problem is more complicated 
in the case of fluorescent glasses. The two best-kno\vn types of fluorescent 
glasses, canary glass and didymium glass, are easily dealt with because they 
contain uranyl or rare earth ions which are fluorescent in all kinds of solu- 
tions.* However, as already mentioned, nearly every silicate , phosphate or 
borateglass containing traces of a heavy metal is fluorescent when excited 
with ultraviolet light of short \vave-length. According to Cohn^’ zinc 
borate glass activated with 2% Mn emits a strong orange fluorescence band 
with a peak at 6100 A under the action of light of wave-lengths below 
2500 A. Kabakjian®* asserts that the fluorescence is very weak as long as 
the borate is a glass and increases “tremendously” as soon as crystalliza- 
tion sets in. Curie*® states also that the rather weak reddish fluorescence 
of many zinc borate glasses activated with manganese gives way to a strong 
green phosphorescence when the glass is devitrified or begins to crystallize. 
On the other hand Linw'ood and Weyl are of the opinion that the green 
luminescence of silicate glasses is due to Mn++ ions which have entered the 
network of the silicon dioxide, taking the place of Si''^ ions, while they 
ascribe the red fluorescence to “interstitial” manganese ions.®® Other 
glasses, especially colored glasses like some of the yellow Zeiss filters, can 
be excited to fluorescence by light of the near U.V. or even the blue-violet 
region of the spectrum. The question, whether germs of crystallization 
are always present in such glasses, is not quite settled.®* 

From the practical viewpoint the luminescence of glasses has for the 

pre.sent a rather negative interest insofar as the fluorescence of a container 

or a filter may mask another weak fluorescence under observation. It is 

not improbable, however, that within the near future fluorescent glasses 

will become important for the manufacture of fluorescent lamps. At any 

rate an increasing number of patents for the manufacture of fluorescent 

glasses has, been filed lately in different countries. 

% 

• Didymium is a mixture of praseodymium and neodymium. While the pinkish 
color of didymium glass is due to selective light absorption by these two. elements, 
the fluorescence is due only to Pr and to traces of Sm. Nd produces no visible fluores- 
cence. Glasses activated with Eu, Tb, Tu, etc., arc also fluorescent, but they are 
not manufactured on a commercial scale.” 

« O. Deutschbein, Z. Physik, 102, 772 (1936). 

B. E. Cohn, J. Am. Chem. Soc., 66, 953 (1933). 

** D. H. Kabakjian, Pkys. Rev., 61, 365 (1937). 

M. Curie, Trane. Faraday Soc., 36, 114 (1939). 

S. H. Linwood and W. A. VVeyl, J. Optical Soc. Am. 32, 443 (1942). 

‘I D. Dobiechek, Disserlalton, Berlin 1934; R. Tomaschek, Trans. Faraday Soc., 
36, 148 (1939). 
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APPLICATION OF LUMINESCENCE 



CHAPTER V 

FLUORESCENCE ANALYSIS 


1. Possible Fields for Analysis 


Because of the minute quantities of some substances that can be traced 
by their fluorescence,* fluorescence analysis might seem to be one of the 
most promising fields for the practical application of luminescence. Sev- 
eral of the books mentioned in the bibliography on page ix deal almost 
exclusively with this aspect of the problem. Fluorescence analysis can 
be used for many different purposes; its potentialities, however, have prob- 
ably been rather overestimated. It will never acquire an importance equal 
to that of the older spectrum analysis by means of flame, arc, or spark 
spectra, for two reasons which are more or le.ss interdependent: fluorescence 
is in general not specific enough and it is too easily influenced by external 
conditions. 

The lines of the spark spectrum of a metal have always exactly the same 
wave-lengths, which are measurable to within one-hundredth of an Ang- 
strom unit. By the appearance or nonappearance of a few such lines on a 
spectrogram, the presence or absence of the metal is proved beyond doubt. 
The same is true for the lines of the Raman spectrum of compound mole- 
cules with the only disadvantage that these spectra are relatively w’eak and 
therefore more difficult to obtain. Furthermore, both electric discharge 
spectra and Raman spectra are additive. The emission lines are not 
affected as to their wave-length nor in general as to their relative intensity 
by the presence of other metals or compounds. All constituents of any 
mixture can be identified by the superposition of their spectrum lines. 

On the contrary, relatively few luminescence spectra of liquids or.solids 
are so characteri.stic that they can be ascribed with certainty to a given 
carrier. The light emission by such a substance can be altered or totally 
suppressed by small amounts of another substance.t These facts do not 
have the .same significance for every one of the various cases in which 
fluorescence analysis in the wider sense of the word can be employed, 
although they affect them all more or less. They are very detrimental 
in qualitative analysis, they are much less harmful in purity tests and cer- 


• Fluorescein in water or anthracene in alcohol can be recognized by their fluorea- 
cence at dilutions below 10“*® grama per cubic cm. 

t To a certajD extent the existence of fluorescence is a more characteristic quality 
than the existence of light absorption in the same substance. However, the absoro- 
tion spectra are much less subject to perturbations by impurities, and so even the 

“PP>i-bi.ity .ban 
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tain special cases of quantitative analysis, and their interference may be 
almost negligible in the discrimination between different natural or manu- 
factured products or in the use of fluorescent pH indicators. 

The main advantages of fluorescence analysis as compared with other 
types of spectrum analysis are the following : relatively unstable compounds 
can be tested which could not be subjected to an electric discharge or to 
heating in a flame, the intensities are much larger than in Raman spectra, 
much smaller quantities or concentrations are needed than for absorption 
spectroscopy, and the substances under investigation need not be trans- 
parent. 


2. Qualitative Analysis in Inorganic Chemistry 

The historical importance of the cathodoluminescence spectra in the 
discovery and separation of the rare earth metals has already been men- 
tioned.' It should be added, though, that these achievements were some- 
what retarded by the fact that certain spectra were ascribed to an element 
suppo.sed to be pure or at any rate forming the bulk of a substance under 
observation, while they really belonged to a still unknown rare earth metal 
present as a small impurity.* For example it has been demonstrated quite 
recently that all visible fluorescence bands of didymium glass previously 
a.scribcd to the Nd content of the gla.ss were due to a contamination of the 
Nd by traces of Sm.*t 

However, since all their spectra have now been listed, the rare earth 
metals Sm, Eu, Gd, Tb. Dy, Pr, Nd, Er are easily identified by their 
photoluminescence or cathodoluminescence when they are dissolved in 
various colorless solids.J The salts of those rare earths which are photo- 
luminescent in aqueous solutions can be traced in such solutions with the 
help of a small pocket spectroscope down to concentrations of 10“? molar 

* Even if a pure salt of a rare earth is luminescent, the fluorescence intensity is in 
general greater if the same substance is dissolved in another solid. 

t The other visible fluorescence bands of didymium glass belong to Pr, the second 
component of didymium. 

t Toinaschek has measured the fluorescence spectra of Sm in the following solid 
solvents: Oxides of Be, Mg, Ca, Sr, Ba, Zn, Co, Th, Ga, Sc; sulfides of Mg, Ca, Sr, Ba, 
Zn; fluorides of Ca, Sr, Ba, Mg; and sulfates of Be, Ca, Sr, Ba, Na, K, Mg, Pb, Zn, 
CM, Al. La, Gd. When obtained by precipitation from aqueous solutions the salts 
must always be heated to GOO-800® C. in order to become strongly luminescent. The 
Sm spectra in the difTercnt solvents show essential differences but are all of the same 
type. The fluorescence lines of Nd are all in the infrared and those of Gd in the ultra- 
violet part of the spectrum. The other rare earth metals. La, Ce, Ho, and Lu, have 
no fluorescence line spectra in any kind of solution.’ 

’ W. Crooks, Proc. Roy. Soc. London, 28, 477 (1849) to ibid., 66 (1899); Lecoq de 
Boisbaudran, Compi. rend., 100 (1885) to ibid., 117 (1893). 

* 0. Deutschbein, Z. Physik, 102, 772 (1936). 

* R. Tomasebek, Ann. Physik, 16, 930 (1933). 
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for Sm, 10“® molar for Eu and Dy, and 10“* molar for Tb.< By spectro- 
photographic methods much smaller quantities might be detected. Sm 
present in lanthanum oxide or gadolinium oxide at a ratio of 1:250,000 
gives a fluorescence emission sufficiently strong for the identification of Sm. 
Very minute quantities of Sm, Eu, Dy and Gd are the source of the well- 
known and very characteristic line fluorescence of certain fluorspar 
varieties.® 

By the action of x-rays or radium rays the trivalent ions of Sm, Eu, Yb 
and Tb dissolved in CaF*, CaSO« or other salts are reduced to divalent 
ions, and these give rise to a new tjqje of fluorescence spectra consisting of 
broader bands.® The red fluorescence of many fluorites and calcites and 
of apatites and zircons is due to Sm++, while another red and a green 
emission band appearing only at low temperatures in the same crystals is 
due to Tb"*^ and Dy^, respectively. Natural minerals showing this 
fluorescence probably were exposed to the weak radiation of some radio- 
active product over very long periods in the soil where they were found. 
If such crystals are heated to temperatures above 500® C. they frequently 
emit a strong thermoluminescence and their photoluminescence power is 
destroyed; it can, however, be regenerated by renewed radium irradiation. 

Nearly all solids and, to a smaller degree, liquid solutions containing 
uranium in the form of U 02 '*^ ions, show the typical uranyl fluorescence. 
The details of the fluorescence bands, excited by violet light or cathode 
rays, vary with the components of the salt.^ By an exact measurement 
of the wave-lengths of the individual bands in the fluorescence spectrum 
the nature of the uranyl salt under examination can be determined as 
uranyl sodium sulfate, uranyl nitrate, uranyl rubidium acetate, and so on. 
But a general survey of the five to seven brilliant green and yellow emission 
bands is sufficient to prove the presence of a uranium compound, ac', for 
example, in minerals like sodalite, sapolite or hyalite.® In these cases the 
uranium content is not characteristic of the mineral as such, but is found 
only in certain samples. There are other minerals, like autunite, a uranyl 
calcium phosphate, or Schroeckingerite, a hydrated uranium calcium 
carbonate, in which uranium is an essential constituent and which can be 
excited to emit the uranyl fluorascence spectrum. Many other uranium 
minerals, amongst them pitchblende, are not fluorescent by themselves, 

but their uranium content can easily be converted into some fluorescent 
compound. 


* H. Gobrecht and R. Tomaschek, Ann. Physik. 29, 324 (1937). 
20 266 ’ ^ 


Asirophys, 



* K. Przibrara, Z. Physik, 107. 709 (1937). 

’ E. L. Nichob and H. L. How«s, Camtgie Inst. Wash. Pub.. No. 298 (1920) 

Hahp I Inst. Phys. Chem. Research Tokyo, 37, 58 {1940)- H 

Haberland Wun. Ber. Ha. 146, (1937) and 147, 137 (1938). ^ ^ ” 
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When by prolonged heating all rare earth fluorescence is destroyed in a 
fluorite crystal, a greenish fluorescence showing the well-known uranyl 
bands frequently survives.® In lithium fluoride, borax beads, phosphate 
beads, etc., lO"’ mole per cent of uranium can still be traced by the fluores- 
cence test.*® In the case of the rare earths the identification of the in- 
dividual elements by means of the fluorescence spectra of their trivalent 
ions is much easier than by analysis of their highly complicated arc or 
spark spectra. The same applies to the fluorescence spectra of the uranyl 
compounds as compared with the arc and spark spectrum of uranium. 

Chromium is another metal which under certain circumstances gives 
rise to very characteristic luminescence spectra.** Chromium is fluorescent 
only w’hen it is incorporated in a crystal isomorphous with the Cr salt, e.g., 
Cr 203 in AI2O3 or MgCr 204 in MgAl 204 . That the red color of natural ruby 
is produced by minute quantities of chromium dispersed in the corundum 
lattice was demonstrated by fluorescence analysis long before it could be 
proved by ordinary spectrum analysis, and even now no chemical test is 
sensitive enough to ascertain the presence of the metal in natural ruby. 

A similar red fluorescence, although wth somewhat different line spectra, 
is due to the presence of chromium in other gems. Emerald, alexandrite, 
and red spinel* are the most important ones. Accidentalf Cr fluorescence 
can also be observed with individual samples of topaz, andalusite and usu- 
ally rather weakly with sapphire, which owes its blue color and its orange 
fluorescence to TbOa incorporated in the corundum lattice. 

When Cr is dissolved in lithium fluoride or other salts which do not 
crystallize isomorphously with the corresponding chromium salt, other 
much less characteristic fluorescence spectra with intensity maxima in the 
green region are obseiw'ed. Pure chromium salts or chromipm alums are 
not fluorescent, though their absorption spectra show the same kind of 
line-like bands which are characteristic of the red fluorescent crystals. 

All other metals, even if they are excellent activa,tors for phosphors, can 
hardly be identified in a general way by means of their fluorescence spectra. 
One may be sure, of course, that a sample of zinc silicate with a strong green 

• Natural Mg spinels and synthetic Zn spinels (ZnAItO^) activated with Cr show 
the typical red Cr line fluorescence. In most samples of natural Zn spinels this 
fluorescence is quenched by an admixture of iron. 

t It is called accidental because many samples of the same minerals contain no 
chromium. If the fluorescence of rubies from Ceylon is of a more yellowish color, 
these crystals must contain still another impurity, perhaps titanium or manganese. 


5 H. Haberland, Wien. Am., 1936, p. 273. 

E. Nichols and M. K. Slattery, J. Optical Soc. Am.^ 12» 499 (1926); M. K, Slat* 
tery, ibid., 19, 175 (1929). 

“ 0. Deutsebbein, Ann. Phyeik, 14, 712 (1932); E. Ticde and H. Lueders, CAem. 
i3er.. 68, 1681 (1933). 
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fluorescence contains Mn. But as mentioned in Chapter IV, even in ZnjSiO^ 
manganese may produce a fluorescence of a different color. The observa- 
tion of a green or red fluorescence in a material of unknown composition is 
under no conditions a safe proof for the presence of manganese.* Simi- 
larly, metals like copper or bismuth may be recognized easily enough by 
their phosphorescent properties when they act as “phosphorogens" in a 
given alkaline earth sulfide or o.xide phosphor. Lenard therefore recom- 
mends the tracing of small quantities of metals by incorporating them in 
such phosphors. The phosphorescence bands, however, are characteristic 
of a metal only in one well-defined phosphor and are quite dift'erent in some 
other phosphort; thus the original material under investigation would 
have to be converted into the sulfide of a certain alkaline earth, and even 
then the characteristic phosphorescence of the metal might be masked or 
suppressed by the presence of another metal of even much smaller con- 
centration. 

Tanaka has published a number of papers in which he contends that 
the bands of the fluorescence spectra of impurity activated crystal pnos- 
phors show series of equidistant intensity maxima.'* The spacing of these 
maxima Is suppo.scd to be independent of the nature of the basic material 
and characteristic of the activating metal. Ills list covers all metals of the 
periodic system from lithium to bismuth. The frequency intervals Av 
decrease steadily from 122.5 cm."l for Li to 78 cm.“‘ for Bi.** The existence 
of such regular and characteristic frequency intert'als in the fluorescence 
spectra would be exceedingly advantageous for fluorescence analysis. 
The improbability of the validity of Tanaka’s result has already been 
dlscus.sed elsewhere from a theoretical viewpoint .J A merely theoretical 


• P’or instance the Rrecn or reddi.sh fluorescence of hiddenite or Kuiizite, varieties 
of spodumeiie from California, is usually ascribed to the presence of Mn. This, how- 
ever. .T^iusl remain not much more than a gues-s as long a-s it cannot be ascertained 
by another method. 

t Compare for instance the emission bands of the different ZnCdS phosphors 
activated with copper (see Table X). 

•• A curve showing the values of Av as a function of the atomic weights is to be 
louna m books A 5 and 1 1 in the bibliography on pages ix and x. 

i The idea that such regularly spaced series of maxima should exist, originated 
apparently from the well establisheil aspect of the uranyl fluorescence bands In 
this case the band structure is due to the superposition of an electronic transition and 
the nuclear vibrations within the UO,** ion. If similar band spectra should be 
produced by a metal likc copper or thallium imbedded in some ba.sic crystal like cal 
cium sulfide of strontium oxide the vibrational frequency intervals would certainly 
be Characteristic for the basic crystal and not for the activating metal. J3aiid struc- 
ture due to this origin has really been observed ir. the fluorescence spectra of some 
-rystals activated by chromium or the rare earths (compare Table XX page 188) 


**T. Tanaka, J. Optical Soc. Am., 8, 287 (1924). 
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improbability would of course not invalidate reliable observations How- 
ever, Tanaka’s measurements were made utUizing only a visual spectro- 
photometer; he did not record them objectively and no other author was 
ever able to repeat them. Thus it is almost certain that these regular 
frequency inten'als do not exist and that they cannot be used for analysis. 

The strong blue fluorescence of thallous salts in 4N hydrochloric acid or 
still better in a concentrated aqueous solution of NaCl is perhaps more 
promising as a test for thallium in small quantities."* The fluorescence is 
excited by the short wave length ultraviolet radiatiop from an iron or 
aluminum spark. It is easily perceived at T1 concentrations of 10"’ molar. 
Like many other types of fluorescence it is strongly quenched by the pres- 
ence of ferric ions in the solution. f 

Notwithstanding the great number of data collected about the fluores- 
cence of minerals, one does not see how qualitative fluorescence analysis 
can, beyond the few results mentioned in this paragraph, greatly benefit 
the mineralogist.J It is probable that by other methods of analysis and 
careful comparison of fluorescence properties the carrier of the luminescence 
in many of these minerals may be found as it was in the case of Willemite. 
But this will neither help to identify a mineral if the fluorescence is only 
"accidental,” nor will it help to trace the same impurity in another mineral 
if the fluorescence spectrum is not an unequivocal characteristic of the 
impurity. 


3. Qualitative Analysis in Organic Chemistry 

For the separation of the higher polycyclic aromatic hydrocarbons, the 
observation of their fluorescence spectra has played almost the same 
part as for the .reparation of the rare earths. Many of these com- 
pounds (benzene, naphthalene, anthracene, naphthacene) have such char- 
acteristic fluorescence spectra that they are easily identified, even when 

* Pb and Sn produce a much weaker greenish fluorescence under similar conditions. 
With Ag, Al, As, Au, Cd> Cu, Mn, Pt, Zn the results are completely negative, 
t Concerning other fluorescence tests for different metals see page 107. 
t The method of detecting Willemite (zinc silicate) and Scheelite (calcium tung- 
state) or distinguishing them from other minerals in zinc or tungsten mines, respec- 
tively, by means of their characteristic fluorescence is not to be called chemical 
analysis. It is one of the most important applications of fluorescence analysis for 
the identification of different materials which are treated in a subsequent section. 
It must be kept in mind that in the case of Willemite the fluorescence is not a prop- 
erty of the zinc ore as such. Many natural zinc silicates do not show this fluores- 
cence. Whether some green fluorescing Willemites are really activated with ura- 
nium, as Spencer scorns to suggest by the description of their brilliant rani urn -like 

fluorescence/* seems rather doubtful. 


P. Pringsheim and H. Vogels, Physica, 7, 225 (1940). 



QUALITATIVE ANALYSIS IN ORGANIC CHEMISTRY 


101 


superimposed upon each other.* The discrimination becomes more 
difficult if the bands of two components in a solution are located in the 
same region, as in the case of anthracene contaminated with carbazol. 
It becomes almost impossible if the bands, which are never very sharp, 
overlap, as in the case of most dyestuffs. 

This difficulty is overcome by the use of the chromatographic method, 
which when combined with fluorescence analysis is sometimes called 
ultrachromatography. “ It is based on the fact that the adsorption 
coefficient of a gel is frequently different for compounds which are similar 
in their chemical properties and cannot be separatcJd by other means. 
From a solution of several compounds only one is adsorbed, as long as it is 
contained in the solvent. When its concentration has dropped to zero, 
the second compound is adsorbed, and so on. An adsorbent like silica gel 
or aluminum oxide is loosely packed in a narrow high glass cylinder and 
the solution is filtered through this column. From its upper to its lower 
end, the different compounds contained in the original solution are ad- 
sorbed in succession. They form annular zones on the adsorbent which 
were distinguished by their daylight colors only in the original method ** 
Hence the method was useless if all the compounds were white. By the 
use of ultrachromatography all compounds are completely characterized 
by tbfcir fluorescence spectra under black light excitation. f 

If two adjoining zones emit only ultraviolet fluorescence, a photographic 
•record has to be employed. A solution of commercial anthracene in ben- 
zene produces along a column of aluminum oxide first a zone of carbazol 
with its deep blue fiuore.scence, then the greenish fluorescent zone due to 
napthacene, and finally the undermost zone which sho^YS the violet fluores- 
cence of pure anthracene. In the same way many derivatives of anthra- 
cene like benzanthracene, dibenzanthracene, dinaphthanthracene and other 
polycyclic hydrocarbons and their heterocyclic impurities like benzcarbazol, 
brazene, etc., have been separated and identified." Benzopyrene, con- 
tained in many natural coal tars, is of special interest because of its strong 
carcinogenic properties. The fiuore.scence spectrum of benzopyrene in 
different solvents h^ been studied, and it is sufficiently characteristic for 

• Some heterocyclic compounds like coumarin and acridine and their alkyl sub- 
stituted derivatives have similar characteristic spectra in solutions at low tempera- 
tures. At room temperature, however, the separated narrow bands fuse into one 
continuous band which is no longer suitable for a reliable analysis. 

t The substances can be subsequently cluated from the adsorbent by appropriate 
BOivents and thus they are isolated in pure form. 

P. Karrer and K. Schopp, Helv. Chim. Acta, 17, 693 (1934). 

M. Tswett, Der. deut. bolan. Ges., 24, 384 (1906). 

•* A. Wintcrstein and K. Schoen. Z. phyaiol. Chem., 230, 146 and U58 (1934). 
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identification.^^ Even in a solution in hexane containing benzopyrene, di- 
benzanthracene, pyrene, retene, chrysogene, and phenanthrene, all at the 
same concentration of 10”^ molar, the fluorescence spectrum of benzopyrene 
prevails so clearly that it is recognized without difficulty. But in a coal-tar 
extract containing the same amount of benzopyrene the fluorescence 
spectrum does not betray a trace of the benzopyrene bands. Evidently 
these are not masked by other bands but are actually quenched by some 
basic component of the solution. After shaking the solution with sulfuric 
acid, the benzopyrene bands appear, but are rather weak and partially 
masked by other bands. They would hardly be sufficient for a reliable 
analj'sis without the use of the ultrachromatographic method.'® 

Methyl cholanthrene is another strongly carcinogenic hydrocarbon. 
Its fluorescence in alcoholic solution is blue. Ethyl and propyl cholan- 
threne, which are not carcinogenic, show a fluorescence of nearly the same 
intensity and color. The once supposed connection between the fluores- 
cence of a compound and its carcinogenic properties is evidently non- 
existent.** 

The ultrachromatographic method has been used further for the separa- 


tion of chlorophyll a and b, compounds which are chemically almost identi- 
cal and which possess fluorescence spectra of similar structure with only 
slightly displaced bai^s (Fig. 4Qg and h,on p. 77). Uropterin, the jiellow 
dyestuff contained in urine, was discovered and isolated by means of the 
same method.** Synthetic dyestuffs of similar chemical properties and 
similar daylight color contained in a mixture can also be separated and 


identified by ultrachromatography.*** 

If its two constituents are not to be separated, chlorophyll, like some 
other natural dyestuffs mentioned in Table XIX, need not be treated 
by ultrachromatography for identification wherever it is present. The 
characteristic red bands are easily recognized in the fluorescence spectra 
of the leaves of living plants and of all kinds of plant extracts, oils, etc. 


* An analogous but somewhat more primitive method known as “capillary analy- 
sis” has been used frequently, for instance for the fluorescence analysis of the alka- 
loids. A strip of Alter paper is dipped into the solution and absorbs it by capillary 
forces. If a rapid evaporation of the solvent is not avoided by adequate precaution, 
formation of solid crystals of the dissolved substance might occur instead of the 
adsorption. The fact that in the case of the alkaloids several zones of different flu- 
orescence colors were observed on the adsorbing paper, e.g., blue and yellow ones 
for hydrastine, proves that the alkaloids were not pure, as supposed on page 76. 


I. Hieger, Biochem. J 24, 505 (1930); J. W. Cook, C. b- Hewett, and I. Hieger, 
J. Chem. Soc., 1933, p. 355; C. Sanne and V. Poremski, Bull. soc. chim., 3, 1139 (1936). 
'* G. Miescher, F. Alnjasy, and G. Klaeui, Biochem. Z., 287, 189 (1936). 

19 W. F. Bruce. J. Am. Ckem. Soc., 63. 3041 (1941). 

99 W. Koschara, Z. physiol. Chem., A 240, 127 (1936). 

*1 J. Grant, Textile Colorist, 62, 9 (1940). 
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Most commercially prepared chlorophyll, however, is not fluorescent, 
either because it is in the colloidal state or because the nature of the dye 
has been altered by some chemical treatment. 

The different kinds of porphyrins are identified by observation of their 
fluorescence spectra* in the yolk and the shells of eggs as protoporphyrin** 
and hematoporphyrin, in the bones of newborn animals as coproporphy- 
rin. in certain glands of animals as protoporphyrin, in urine as copro- 
and uroporphyrin, in the bacilli of tuberculosis and diphtheria,**! in yeast, 
etc., and in the organisms themselves as well as in extracts. In alcoholic 
solution the fluorescence of hematoporphyrin is still perceived with 
certainty at concentrations below 10"’. Other dj'estuffs of similar type, 
like bonellin, phycocyanin, or phylloerythrin, are so far important only for 
special scientific research work.*^ On the other hand, much interest has 
been bestowed lately on the fluorescence of vitamins, hormones, enzymes, 
etc. Among the vitamins only vitamin B 2 (riboflavin, lactoflavin) has, 
in liquid solutions, a fairly strong fluorescence emis.sion of its own which 
could be made useful for qualitative and quantitative analysis. The 
greenish yellow luminescence can also be observed in milk, butter and in 
plant extracts. When adsorbed on colloids the dye is not fluorescent. The 
emission spectrum shows a broad symmetric band from 5000 to 6000 A 
with maximum at 5620 A** and is hardly sufficiently characteristic for a 
discrimination between the vitamin and some other dyestuff with a yellow- 
green fluorescence like trj’paflavine which is chemically not at all related to 
riboflavin. A very characteristic property of the riboflavin fluorescence, 
however, differentiates it very clearly from other dyestuffs. Under the 
action of the exciting light the fluorescence color turns from greenish yellow 
into light blue, the flavine being converted by a photochemical process 
into lumichrome (trimethyl-isoalloxazine), if the solution is neutral or 
.slightly acidified, or into lumiflavin (6,7-dimethyl-alloxazine), in alkaline 
solutions. By its sky-blue fluore.scence lumiflavin is easily distinguished 
from its isomeres: under the .same experimental conditions 6,8- and 7,8- 
dimethyl-alloxazin .show a bluish green fluorescence and 5,8-diinethyl- 
alloxazine a greenish yellow fluorescence.** 

• For a non-spcctromctric methotj of discrimination between the different porphy- 
rins, compare paRC 114. 

t The fluorescence spectra of these bacteria show, in addition to the narrow por- 
phyrin bands a broad continuous band covering the whole visible region from orange 
to violet. This fluorescence is due to some other constituents. 


** Ch. Dh6r6, Compt. rend. soc. biol., 112, 1595 (1933); A. Stern and M. Deieli<5, Z. 
phyaik. Chem., A 177, .347 (193G). 

” Ch. Dh6r6 and L. Uopetti, Bull. acad. rnid. Paris, 114, 9G (1934). 

** F. Roche, Arch. pkys. biol., 10, 91 (1933). 

** P. Karrer, H. Salomon and others, Ilelv. Chim. Ada, 17, 1010 (1934). 

« P. Karrer and C. Musante, ibid., 18, 1134 (1935). 
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Most of the other vitamins, like vitamin C (ascorbic acid), vitamin E 
(tocopherol), ‘many hormones, ferments and other compounds important 
for biological processes are known to be photoluminescent but the knowl- 
edge of their luminescence is not yet sufficiently advanced so that it could 
serve for analytical purposes. 

Vitamin A in liquid solutions exhibits a greenish fluorescence, the con- 
stancy of which depends on various conditions. In alcoholic solutions the 
fluorescence intensity of vitamin A esters, such as the acetate, oleate, etc. 
drops under the action of the exciting radiation after an initial increase 
almost to zero. The initial and the peak intensities are proportional to 
the vitamin concentration. The change in intensity is due, at least par- 
tially, to a photosensitized reaction with oxygen, since it is greatly reduced 
if CO 2 is bubbled through the solution flushing out the oxygen.* The 
behavior of the free vitamin A alcohol is essentially different; its initial 
fluorescence is the same as that of an equivalent concentration of the 
acetate, but it decreases immediately from the beginning of the irradiation 
without showing an initial rise. Thus, by observing the change of fluo- 
rescence intensity of an alcoholic vitamin A solution wth time one can 
determine the relative concentrations of free vitamin A alcohol and of 
vitamin A esters in the solution. 

A similar “fading green fluorescence” is produced by the presence of 
vitamin A in certain organisms. Although it seems that this fluorescence 
has not yet been used for routine quantitative analysis, it offers a means of 
studying the distribution of vitamin A within the different organs of ar 
animal under varying conditions.”* 

Vitamin Bi (thiamin or aneurin) is not fluorescent itself, but it can be 
converted by a simple chemical reaction into a strongly fluorescent dye 
called thiochrome.”** This procedure provides an example of another type 
of fluorescence analysis which can be useful when the substance to be 
identified is not luminescent and even when the fluorescence spectrum of 
the final product is not very characteristic. "The chemical reaction itself 
is frequently sufficiently specific. 

In the case of vitamin Bi, the vitamin is dissolved in water and oxidized 
into thiochrome by addition of potassium ferricyanide. About 67% of 
the thiamin present in an organism is converted into thiochrome by the 

• The solvent, alcohol, plays apparently an important part in this process of photo- 
oxidation. When vitamin A acetate is dissolved in benzene, its fluorescence remains 
at a nearly constant level over a relatively long period, while the solubility of oxygen 
is somewhat larger in benzene than in alcohol. 

t Compare this chapter, section 8. 

H. Sobotka, S. Kahn and W. Winternitz, /. Biol Chtm., 182, 635 (1944). 
H. Popper and R. Greenberg, Arch. Path.^ 32, 11 (1941). 

G. Barger, F. Perger, and A. R. Todd, Nalnre, 136, 259 (1935); B. C. P. Jansen, 
Rcc. travn ckim.^ 66, 1046 (1936). 
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usual method. When subsequently the thiochrorae is extracted from the 
aqueous solution by butanol, it emits a strong blue fluorescence under 
black light excitation.^ 

Neither the red blood dye hematin* nor the bile dyestuffs bilirubin 
and urobilin are fluorescent. In the former the potential fluorescence is 
quenched by the iron contained in the complex molecule. If the iron is 
removed by the action of sulfuric acid,” or rather by some weak organic 
acid like formic acid in the presence of a reducing' agent, hematin is con- 
verted into hematoporphyrin with its typical red porphyrin fluorescence.*® 

The bile dyestuffs become fluorescent when their molecules are con- 
verted into zinc complexes by addition of a zinc salt, e.g., zinc acetate to 
an alcoholic solution of the dye.t The fluorescence is red in the case of 
bilirubin and green in the case of urobilin. Of all biological fluorescence 
phenomena this strong green fluorescence of the zinc-urobilin complex is 
certainly the one that has been known longest and has been most frequently 
used for medical analyses.** 

A good many chemical conversions into fluorescent compounds have 
been recommended by different authors for the identification of non- 
fluorescent organic compounds. The method has the advantage that it 
needs very small quantities of material and can often be carried out in 
so-called spot tests. For instance, a dark stain on a piece of cloth may be 
recognized as blood if it becomes fluorescent after it has been moistened 
with a drop of acetic acid and another drop of a solution of sodium thio- 
sulfate. The usual technique for fluorescent spot reactions is first, to 
place a drop of the solution to be analyzed on a piece of filter paper and, 
when it is soaked in, to add on top of it a few drops of the different chemicals 
needed for the reaction. The spot is thereupon exposed to the radiation 
of a “black lamp.” 

Dicarboxylic acids, heated with resorcinol and concentrated sulfuric acid, 
form dyes of the fluorescein type. The .same treatment applied to hydroxy- 
dicarboxylic acids produces dyestuffs of the umbelHferone type. The 
former shows a green, the latter a blue, fluorescence in alkaline solutions. 
Though the color of the fluore-scence is not quite the same for different 
acids, the contrasts are hardly sufficient to differentiate between the green 
fluorescent products derived from phthalic, succinic, tricarboxylic acids and 
saccharin, or between the blue fluorescent products of citric and malic acid. 

^Vhen aliphatic. amines, amides or imides such as methylamine, hydrox- 

• In hematogiobin hematin is associated with a protein. 

t The mercury complexes of these dyestuffs are also fluorescent. 

”R. T. Conner and J. Straub, /mi. Eng. Chem., Anal. Ed., 13, 380 (1941) 

*• M. Wagenaar, Z. anal. Chem., 79, 107 (1929). 

*» Ch. Dh6rfe, J. physiol, path, gen., 16, 67 (1917). 

•* M. Jaff6, Zenlr. f. med. Wise., 7, 177 (1929). 
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ylamine, hydrazine, semicarbazide, saccharin, and piperidine are fused 
with fluorescein chloride and zinc chloride, symmetric rhodamines* are 
formed which are dialkyl substituted in the case of primary, tetra-alkyl 
substituted in the case of secondary amines, etc. The former show a yeN 
low-green, the latter an orange fluorescence in acidified solutions. The 
same treatment of aromatic amines leads to the production of aryl-substi- 
tuted rhodamines which are not fluorescent. On the other hand yellow 
fluorescent rhodamines result from the reaction if the aliphatic amines are 
replaced by inorganic ammonium compounds like ammonium chloride. 

Some reactions have also been found by which alkaloids are converted 
into compounds which fluoresce strongly in solution. These probably 
constitute more reliable tests than the mere examination of the fluorescence 
of the solid alkaloids themselves. Thus morphine, heated with concen- 
trated sulfuric acid to 40® C. and, after cooling, diluted with water and 
ammonia, turns into a solution which after some time develops a strong 
purple fluorescence. By this test morphine can be dUtinguished from 
pseudo-morphine and from codeine but not from heroin.®* 

The existence of a great number of different organic substances which 
after identical chemical treatment give rise to fluorescence emissions which 
can scarcely be distinguished from each other shows that the method will 
be useful only when combined with other tests. t In the case of the 
fluorescein chloride-rhodamine reaction, the appearance of the fluorescence 
seems to prove not much more than that a NH 2 or NH group is present in 
the compound and that it is not an aromatic amine. The same criticism 
is probably to be applied to other tests of the same kind for lactic or tartaric 
acid, glycerol, allyl alcohol and many other substances. From any organic 
compound .some fluorescent substance may be derived somehow. The 
question is whether other compounds might not produce a similar fluores- 
cence after having undergone the same procedure. Such tests are of course 
very valuable if the problem is only to ascertain whether a certain com- 
pound is or is not present in a solution. 

A typical example of this kind is provided by a reaction which has been 
repeatedly described as a test for the presence of sulfur dioxide. In this 
process SO 2 is oxidized to HjSOi and the sulfuric acid identified by the 
strong blue fluore.sccnce which it cau.ses in a quinine solution. This is 
quite correct but hardly very specific, since any acid may convert quinine 

• Formulae for various rhodamines arc to be found in Table XVIII at the end of 
the volume. 

t Occasionally such a second test may be provided by the body color of the reac- 
tion product. For instance, the rhodaminc solutions resulting from the treatment of 
aliphatic amines described above all show nearly the same yellow fluorescence, but 
in daylight some of tliem are pink and others red or orange. In other cases such 
differences of daylight color do cot exist. 


“ C. C. Fulton, J. Am. Pharm. Assoc., 26, 726 (1937). 
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in an aqueous solution into its strongly fluorescent divalent ion. As a 
.matter of fact the method was recommended by Grant and Booth not as 
a general test for the presence of sulfur dioxide but as a test for the presence 
of SOj in milk, to which it is sometimes added as a preserver.^* In this 
special case it may be improbable that another impurity would produce 
the same result, in so far aS milk contains no lactic acid. 

Dihydro-acridine in alcoholic solution is oxidized by ozone into acridine 
which is easily identified by its intense violet fluorescence, while the hy- 
drated compound is not fluorescent. By this method ozone concentrations 
down to 10"“ g. per oc. can be ascertained. This corresponds to a 
concentration of about 10”*% of ozone in atmospheric air. Oxygen itself 
or hydrogen peroxide has no effect.' However, dihydro-acridine is strongly 
oxidized by the different nitrogen oxides; if they are present they must 
be removed before the ozone test can be applied."^ 

Some reactions of organic compounds in which a metal participates may 
be used as well for the identification of the metal. The green fluorescence 
of the urobiliii-zinc complex is a test for the presence of zinc. The complex 
precipitated from a zinc salt solution by addition of 8-h3'droxy-quinoliDe 
shows a strong yellow-green fluorescence which is supposed to be easily 
distinguished from the blue-green fluorescence characteristic of the com- 
plexes which are precipitated by other metals like Ca, Sr, Th, and Mn. 
The Cd complex is recognized by its pure green fluorescence. At a con- 
centration as low as 10“*, zinc can still he identified by this reaction.** 
Aluminum salts in neutral or alkaline solutions and beryllium .salts in acidi- 
fied solutions form complex molecules with morin (CwHioOj), both con- 
spicuou.s by their bright green fluorescence. These morin tests are very 
selective; of all other metal.s only Li, Ca, Zn and Sc produce a similar but 
much weaker fluorescence in morin solutions. The morin test for AI and 
Be can be used in spot tests with (piantities of 10"« g,** 

Even more definite tests for Al and Be are the following: Aluminum at 
concentrations as low as I X 10“’ gives rise to an orange-red fluore.scence 
with an emission band 6365-6975 A, when introduced into an ethanolic 
solution of Pontochrome blue black 11 (du Punt) at a temperature of 

80* C.* A .similar rod fluorescence*® is produced in alkaline solution-s of 
l-amino-4-hydroxy-anthraquinone by addition of a beryllium salt at 

• In aqueous solutions at room temperature the formation of the luminescent 
complex takes some time. 


”• J. Grant and I. II. W. Booth, Analyst, 67, 514 (1932). 

**•’ M. Konstantinova, Acta Physicockim. U. R. S. S., 3, 4.35 (1935) 

*’ J. Eisenbrand, Pharm. 7,., 76, 1033 (19.30). 

. Sandcll /nd. Eng. Anal. Ed., 12, 712 (1940); H. L. Zermatten, Proc. 

Acad, Sci, Amdterdam, 36, 889 (1933). 

81o”(?w?) ^ ^30 (1937) and 13, 
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beryllium concentrations down to 4xl0“^ In acidified solutions of the 
same compound (pH = 2) a stable colloidal suspension is formed by addi- 
tion of a thorium salt, showing a strong purple fluorescence. This test is 
somewhat less sensitive (the lower limit is about 10~®, 40 7 in 5 cc.), 
but it is also perfectly selective.” 

Another test of this kind, precipitation of sodium uranyl acetate by 
addition of uranyl acetate to a sodium salt solution, can hardly be admitted 
as sufficiently specific if not combined with an exact spectrometric analysis. 
There are too many uranyl compounds with almost identical fluorescence 
properties. The D-line emission of all sodium compounds in a Bunsen 
flame is probably a much safer and certainly a .simpler proof of the presence 
of sodium. 

4. Purity Tests 

A reversal of the problem treated in the preceding paragraphs is the proof 
of the purity of a material by the total absence of luminescence, by the ab- 
sence of certain fluorescence bands in the luminescence spectrum, or by 
the absence of an afterglow. Such purity tests should always be executed 
\vith photoexcitation because, as mentioned before, cathode rays or x-rays 
frequently produce new “luminescence centers” in non-luminescent sub- 
stances. The same is even true for long exposure to ultraviolet light. 

It may happen that absence of fluorescence is due to the presence of a 
quencher and thus is no conclusive proof for purity.* 

If the test in question is to be repeated as routine work, it is advisable 
to procure a sample of the greatest purity and to compare it with the 
sample under investigation. As explained on page 68 “total absence of 
fluorescence” is a somewhat elastic notion. In a solution a faint fluores- 
cence of the solvent may interfere, diffusion of the primary light may not 
be completely screened off, and so on. 

In many even quite recent publications the visible fluorescence of naph- 
thalene, fluorene, phenanthrene, chrysene, cyclohe.xane at room tempera- 
ture is described. This is a proof that the materials employed in these 
experiments were not pure. The best phenanthrene manufactured by 
Kahlbaum contains several per cent of anthracene,^® enough so that even 
in dilute alcoholic solutions or in the vapor the violet anthracene bands 
show up clearly.” The hydrocarbons which Berthelot named fluorene 
because of its beautiful blue fluorescence^® and chrysene, the “golden one,” 
owe their names to qualities produced by impurities: anthracene and 

•A small contamination with copper produces strong phosphorescence in pure 
CaS. Added traces of iron quench the phosphorescence completely. 

C. E, White and C. S. Lowe, Ind. Eng. Ckem,, Anal. Ed., 12, 712 (1940). 

S. Sambursky and G. Wolfsohn, Trans. Faraday Soc., 36, 427 (1940). 

»P. K. Seshan, ibid., 32, 689 (1936). 

«B. Twarowska, Z. Physik, 109, 403 (1938). 
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carbazol in the first and naphthacene in the second case. Both are white 
when pure, and fluorene has only U.V. fluorescence bands.** All commer- 
cial anthracene is contaminated with several per cent of naphthacene. 
The better grades contain at least 0.1% naphthacene and even the best 
analytical grade of anthracene contains 10“*% naphthacene. Even with 
a concentration of 10“*% the green-yellow fluorescence of napthacene 
outshines the violet fluorescence of the main substance.*** 

A very characteristic blue fluorescence is observed at low temperatures 
in many organic paraffins as well as benzene derivatives like the xylenes. 
The spectra always consist of several narrbw bands in the blue to violet 
region ; they are ascribed by Terenin to aldehydes produced in the com- 
pounds by auto-oxidation.** Similar impurities may be the carriers of 
fluorescence in other organic compounds even at room temperature, since 
in many cases the fluorescence intensity decreases with progressing purifi- 
cation. 

Alkaline aqueous solutions of purines and pyrimidines like xanthine, 
uracil, adenine sulfate, isocj'tosine, etc., occasionally show a strong yellow 
fluore-scence which disappears completely after repeated recrystallization 
of the compounds. The pure substances are characterized only by a 
much weaker bluish luminescence.** 

It has already been mentioned that most inorganic salts become lumi- 
nescent after addition of very small impurities. It is very difficult to 
decide how far the proper fluorescence of such salts as listed in most books 
is really genuine. Aluminum oxide, for instance, is suppo.sed to show a 
pink fluorescence. In this case it was proved by Boisbaudran and by G. C. 
Schmidt that the pure salt is not luminescent at all and that the pink 
fluorescence is due to the last traces of chromium oxide. Many inorganic 
crystals which are not luminescent at room temperature are excited to a 
strong fluorescence at liquid air temperature even by black light. Such 
substances are, according to Randall, barium sulfate, cadmium bromide, 
lead chloride, silver chloride, thallium chloride and others. If this light 
emission should also prove to originate from impurities, it is clear that the 
examination at low temperatures would provide a still more sensitive test 
for purity than the normal procedure.** 

It is not quite settled whether the sulfides of the alkaline earth metals, 

• A sample of synthetic anthracene prepared in the laboratory of Professor Du 
fraiBso, which was kindly given to me for further investigation in a carefully sealed 
off glass tube showed unmistakably by the fluorescence test that it contained a con- 
tamination of naphthacene. Fractional crystallization or sublimation is not satis- 
factory for the purification of this compound, and this is evidently the reason for so 
many erroneous results. 

« A. Terenin. Acta Phyaicochim. U. It. S. S., 12, 617 (1940) and 13, 1 (1940) 

** M. M. Stimson and M. A. Reuter, J. Am. Chem. Soc., 63. 697 (1941). 

** J. T. Randall, Trarta. Faraday Soc., 36, 1 (1939). 
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which constitute the bases of the most powerful phosphors, are fluorescent 
when absolutely free of any impurity. It seems to be rather improbable. 
At any rate they are not phosphorescent. An admixture of a heavy metal 
like Cu or Bi at concentrations of less than 10“^ gives rise to a long-lasting 
afterglow. In pure zinc sulfide a short afterglow may be observed during 
one or two minutes. Long-lasting phosphorescence is indicative in this 
case also of the presence of an impurity. The fluorescence of pure calcium 
tungstate has a decay period of the order of thousandths of seconds. 
Contamination with lead or arsenic causes an easily observable afterglow. 
Such tests are important for the selection of the material to be used in the 
preparation of well-determined phosphors. 

Certain dyestuffs like trypaflavine are able to emit a phosphorescence 
lasting several seconds when they are adsorbed on silica gel and kept in a 
high vacuum. This afterglow is quenched by oxygen at partial pressures 
below 10~* mm.Hg, while the fluorescence is practically unaffected. Other 
permanent gases like nitrogen, hydrogen, or carbon dioxide, which might 
be present, do not interfere with the phosphorescence. The method pro- 
vides, according to Kautsky, an exceedingly simple and quite selective 
test for the presence of traces of oxygen.** 

The same principle has been recommended by different authors for 
proving the presence of certain ions like I“. Br“ or S2O3 — by their quench- 
ing action upon the fluorescence of uranyl salts in solutions. The quench- 
ing action of many substances in fluorescent solutions discovered by Stokes 
has been studied since, both qualitatively and quantitatively, by many 
physicists. The presence of some quenching impurity can be inferred 
from a too low fluorescence yield. However, the matter is so complex, 
and the quenching substances are so numerous, that it would certainly be 
quite impossible to draw any conclusions respecting the nature or the con- 
centration of a quencher from the mere fact that the fluorescence of a solu- 
.tion has an intensity below its normal value. Volmar who is quoted fre- 
quently as the inventor of this method never presumed anything of the 
kind.*® He states only that it mifeht be possible to determine the concen- 
tration of a lOBr or a NaCNS solution by measuring its quenching action 
on the fluorescence of a uranyl nitrate solution.* 

5. Quantitative Analysis 

The sensitivity of fluorescence analysis is in some cases probably sur- 
passed only by radioactive tests, and therefore quantitative fluorescence 

• If the concentration of the quenching solution is known, it would, according to 
Volmar, be possible to deduce the nature of the quenching ion from the decrease of 
fluorescence intensity on addition of a certain number of drops of the solution. 
However, this hardly f='»eras to be a very useful method. 

« H. Kautsky, Z.anorg.allgem.Chem.,222 , 126 (1935) ;J. Franck and P. Pringsheim, 

J. Chem. Phys., 11, 21 (1943) 

Y. Volmar and Martin, Bull. soc. chim., 63, 385 (1933). 
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analysis could 3 deld excellent results over very wide concentration ranges. 
However, it is under no circumstances serviceable for the activating im- 
purities in inorganic phosphors and not even for organic compounds in 
solid solutions as in boric acid or sugar. In all these cases the luminescence 
intensity depends on too man> factors which are not connected with the 
concentration of the luminescent molecules. In liquid solutions in a well- 
defined solvent and at a well-defined temperature the results of the measure- 
ments could only be made ambiguous by the presence of quenching sub- 
stances or of other fluorescent compounds. If the latter difficulty cannot 
be avoided for technical reasons, and if the interfering fluorescence has a 
different spectral distribution or is excited by light of other wave-lengths, 
the, use of adequately colored filters in the path of the exciting or the 
fluorescent light may be helpful. 

It is not possible to obtain reliable quantitative results by simply meas- 
uring the ratio between the fluorescence intensity of the solution under 
investigation and of another solution of known concentration. For the 
reasons stated in Chapter 11 it can by no means be taken for granted that 
this ratio is equal to the ratio of concentrations.* All corrections necessary 
becau.se of the reasons already mentioned or because of unequal illumination 
of the two samples or incomplete symmetry of the photometer it.sclf cancel 
out if the photometer is calibrated by matching a set of solutions of known 
concentrations again.st the intensity of a constant “comparison solution.” 
The concentration of any other solution can then be determined by inter- 
polation. Thus only equal or nearly ecjual solutions are compared with 
each other. The same purpose is of course attained by diluting either a 
standard .solution or the solution under investigation until the luminescence 
intensities of both are equal. As the obsei^’cd fluorescence intensities of 
a solution may pass through a maximum at a certain concentration (Fig. 
12) it must be ascertained that both solutions are on the same side of the 
maximum. In general it will be the side of the smaller concentrations. 

It is .self-evident that the same solvent must be used for all solutions to be 
compared, since the fluorescence yield of all compounds is greatly depend- 
ent on the nature of the solvent. 

Every one of the photometers described in Chapter III may be employed 
for these .-neasurements. Without the u.se of any photometer Kaner 
compared the brightne.ss of two fluorescent solutions by putting them side 
by side in the field uniformly illuminated by an “analytic lamp” and dilut- 
ing the one until equality of brightnc.ss seemed to be reached.'*’ Even by 

• Pages 25 and 65. Quantitative c.-ipillary analysis, based on the measurement 
of the fluorescence mtensity of hydrocarbons which have been adsorbed on filter paper 
from a given quantity of liquid solution should produce results even less reliable tlmn 
mtenaily comparisons in liquid solutions.** 

!! ft- ^ ^^’^ann and J. W. Hensley. J. Phys. Chem., 44. 1071 (1040). 
tt. Karrer and I . Kubh, UHv. Chtm. Ado. 20. 3(>') (1‘I37), 
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means of this rather rough comparison, he was able to find the thiochrome 
content of a solution with an average error not surpassing 20%. An ob- 
jection proffered against these measurements is not really directed against 
the method of fluorescence analysis. It seems that the results were only 
satisfactory with synthetically prepared solutions. With natural products, 
however, the fluorophotometric results were in general 30-50% below those 
of biochemical assays. With yeast preparations the fluorescence analysis 
gave a completely negative result, though the preparations contained con- 
siderable amounts of vitamin Bi.^® This discrepancy was caused by an 
imperfect mode of extracting the vitamin from the natural products, while 
the analysis of the solutions was quite correct. As a matter of fact, meth- 
ods developed since for the extraction of thiamin provide thiochrome solu- 
tions which give in all cases a very satisfactory agreement between bio- 
logical and fluorometric tests. 2.9 micrograras of thiamin chloride are 
equivalent to 1 I.U. (international unit in biological test). The use of a 
sensitive photometer allows the accurate determination of 0.1 microgram 
of vitamin Bi. The whole procedure of the fluorometric analysis can be 
performed within a few hours while the biological rat test takes at least 
five days.^® 

The most frequent use made at present of quantitative fluorescence 
analysis is concerned with the vitamin B 2 content (riboflavin or lactoflavin) 
of foodstuffs and other material. Fluorophotometers, constructed in in- 
creasing number by optical firms, are advertised chiefly for this purpose. 
Many liquids which are to be tested for the vitamin contain other fluo- 
rescent components apart from riboflavin. Therefore the yellow-green 
fluorescence of the vitamin is isolated from the fluorescence of the other 
substances, which is generally of shorter wave-lengths, by means of an 
orange-yellow screen. Blue light, e.g., the blue Hg line 4358 A, is most 
effective for excitation. Near U.V., transmitted through a Wood filter, 
would not be advisable in this case for, while the riboflavin fluorescence is 
little stimulated by it, the fluorescence of most other impurities would be 
excited to great intensities. Table XII shows the fairly good agreement 
between different biological and fluorophotometric tests for vitamin B?.*® 
The units are micrograms of vitamin B? per gram of substance. The limit 
of sensitivity of the fluorescence analysis for riboflavin is 5X10“® micro- 
grams per cubic centimeter. A volume of about 10 cubic centimeters is the 
minimum quantity required for a test. Vitamin can be extracted from 
milk without loss by 66% acetone, the extract being filtered subsequently. 

«M. Pyke, Nature, 141, 1141 (1938). 

** D. J. Hennessy and L. R. Cerecedo, J. Am. Chem. Soc., 61, 179 (1939). 

** R. T, Conner and J, Straub, /nd. Eng. Chem., Anal. Ed., 13, 385 (1941). 
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The normal riboflavin content of milk is found by fluorescence analysis to 
vary from 1.2 to 3.4 mg. per liter. 

Fluorescence tests for vitamins Bj and Bi can be made from one and the 
same plant extract, by passing the solution at first through a column of 
Delcalse (a synthetic zeolite) wh'ich adsorbs only the thiamin content, 
and then through a column of Supersorb (a special kind of fuller’s earth)** 
which adsorbs the riboflavin and from which the latter can be re-eluated 
completely by a mixture of pyridine and acetic acid.®* 

The great sensitivity causes the main difficulty in practical application of 
quantitative fluorescence anal^^sis for liquids like serums, urine, or any 
extracts from living organisms. In almost every case the fluorescence or 
the quenching effect of some other compound contained in the liquid will 


Tabi-e XII 
Vitamin Bj Analysis 


Sub9UOC« 

Biological testa 

FluorophotomeUic tesu. 

Rat test 

Yeast 

fermeotation 

Photocell 

Visual 

Wheat germ extract 

4.5 

3.2 

2 7 

7 

Yeast dried 

62.0 

46.0 

51.0 

O. 1 

' 65 0 

Yeast concentrate 

200.0 

171.0 

192.0 

195 0 

Liver extract 

500.0 

501.0 

507.0 

537 0 

Wheat germ special concentrate 

942.0 

940.0 

965.0 

934 n 

Special concentrate 

4630.0 

4610.0 

4900 0 

4750.0 


interfere. For the test of compounds with red or even yellow fluorescence 
the filter method can be helpful. In general, however, the problem to be 
solved will be a quantitative extraction of the substance under investiga- 
tion. If this can be done satisfactorily, as in the case of thiamin the 
quantitative analysis by fluorophotometry itself is a rather easy ’task 
yielding reliable results even at very low concentrations 

Fluorophotometry is peculiarly appropriate for the converse problem 
^e exact dosing of a fluorescent substance in a solvent of known quality’ 
I h^e same is true for the dosage of a quenching agent if one is sure that no 
other quencher is present. The method may be very useful for the quanti- 
tative determination of exceedingly small amounts of oxygen added to 

another gas by its effect upon the pho.sphoresccnce of dyestuffs adsorbed 
on silica gel. 


* Adsorbates on activated charcoal give very erratic results. 

Vanderbelt. 
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6 . Fluorescent Indicators 

If a fluorescent compound is ionized in a solution, its state of ionization 
depends on the pH of the solvent. With the passage from one ionic state to 
another, as represented by the symbols: A++ — — ^A“, the fluores- 
cence of the compound changes either its color or disappears completely. 
A few examples may prove that there is no general law regarding the state 
of ionization which is most favorable for fluorescence. The fluorescence of 
the negative fluorescein ion in alkaline solutions is ver^ strong and of 
yellowish greei^ color, the band maximum being at 5170 A. In a neutral 
solution it becomes very weak and almost colorless. In an acidified solu- 
tion (pH"4), positive ions are formed, emitting a fairly bright blue-green 
fluorescence with the band maximum at 4800 A.“ The porphyrins also 
show two different fluorescence spectra in alkaline and acidified solutions 
with a very pronounced minimum of intensity at the isoelectric point*“ 
(Fig. 45). In other cases the fluorescence is strongest in neutral solutions. 
The emission of riboflavin, of lumichrome, and of alloxazin has its maxi- 
mum in the pH region between 3 and 9, where according to Kuhn the 
molecules are electrically neutral in the form of zwitter ions. The positive 
or negative ions prevailing in strongly acid or alkaline solutions show no 
visible fluorescence (Fig. 46). However, the secondary hump of the ribo- 
flavin curve, Figure 46, at pH =3.5, suggests that in this case also the 
molecules exist in two different states of ionization in the pH region between 
3 and 9.** The same assumption is made even more plausible by the 
curves 2 and 3 of Figure 4C, which represent the behavior of alloxazin, the 
dyestuff of which riboflavin is a derivative. Karrer** measured the in- 
tensity of the fluore.scence transmitted through two different color screens 
and it is quite evident that while the blue fluorescence reaches its maximum 
intensity at about pH = 4.5, the curve for the fluorescence viewed through 
the green glass has a peak near pH =8. If the transmission bands of the 
two screens and the emission bands of the two ionic modifications would not 
overlap, the two curves would probably be still more distinctly separated. 
At any rate this example proves that mere intensity measurements without 
regard to a possible color shift are apt to yield rather equivocal results. 

• For different porphyrins the point of minimum fluorescence intensity is located 
at different pH values. Fink and his collaborators devised a method for the identi- 
fication of the various porphyrins based upon this fact. For the difference between 
the “alkaline” and the “acid” porphyrin spectra see Table XIX. The fluorescence 
color is red in the first case and orange yellow in the second case. 

« G. N. Lewis and Th. T. Magel, J. Am. Chem. Soc., 63, 3005 (1941). 

“ Ch. Dh4r4. A. Schneider and Th. vaft der Bom, C’ompt. rend., 179, 351 (1924). 

M R. Kuhn and G. Maruzzi, Chem. Ber., 67, 888 (1934). 

w P. Karrer and H. Fritsche. Hele. Chim. Acta, 18, 911 (1935). 
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The fluorescence of the non-ionized acridine molecule in neutral or 
alkaline solutions is blue violet, while the fluorescence of the positive acri- 
dine ion in acidified solutions with pH 5 is green ; both have about the same 
intensity.** In the case of quinine sulfate the electrically neutral molecule 
is stable in alkaline solutions of pH 9.5. It is only very slightly fluorescent 

( colorless ). solutions of pH from 9.5 to 6 the singly charged positive 

ions predominate and the fluorescence is violet, changing into a much 
brighter whitish blue when doubly charged positive ions are formed in 
acidified solutions.” 



Fig. 45. — Fluorescence inten* 
sity in arbitrary units as 
function of pH. Hematopor- 
phyrin. 



Fig. 46.— Fluorescence intensity in arbitrary 
units as function of pH. 

Ir Hiboflavin (Kuhn and Maruzzij. 

2: Alloxazin viewed through blue screen. 
3: Same viewed through green screen 
(Karrer). 


The same differences of fluorescence are observed when the compounds 
are adsorbed on gels of different polarity. This has, for instance been 
demonstrated by Bandow for the two types of fluorescence spectra emitted 
when a porphynn is ad.sorbcd either from an alcoholic solution on AJ^Oa 
or from an acidified solution on silica gel.« If quinine sulfate is adsorbed 
on silica gel from a neutral or an acidified solution, the fluorescence of the 
^orbed substance always shows the same whitish blue fluorescence color 
The doubly charpd quinine ions, which are present also in the neutral 
solution, although m small concentration, are preferentially adsorbed by 

Y. Volmar and E. W idder, Chimie iniiustrie, 21, 160 (1929) 

243 089?)"'"’'''''*''' -Soc.. A 63. 

» F. Bandow. Z. physik. Ckem.. B39, 1555 (1938) and B42. 67 (1939). 
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the negatively poly gel, and they are again re-formed in the solution ac- 
cording to the equilibrium concentration.* 

Since the relative number of two kinds of ions contained in a solution 
varies steadily with varying pH, and since in general the emission bands of 
both ions are broad and diffuse, an erroneous impression is frequently pro- 
duced. The peak of the band seems to be shifted steadily.*® Only when 
the spectra of both ionic states consist of a series of narrow bands does it 
appear clearly that one set of bands is weakening while the other grows 
stronger.f 

Every substance, the fluorescence of which changes in color, or intensity 
with varying pH of the solution, can be used as an indicator for the acidity 
of the solvent. It will be the more appropriate the more the color changes 
rapidly with increasing pH. An exact determination of the fluorescence 
color of a single indicator dyestuff would allow the determination of the 
pH values of a solvent over a large range of steadily changing colors. 
Measurements of the relative fluorescence intensities transmitted through 
three color screens would provide such a determination, and, according to 
Haitinger, pH values can thus be found with an error below 0. 1 . However, 
curves showing the pH values as a function of fluorescence intensity and 
color saturation have been published so far only for quinine (pH 5-9) 
and phosphin 3R (pH 3-5) (Fig. 47). J Besides the method is probably too 
complicated for normal routine work. 

Long lists of fluorescent indicators have been compiled. The selections 
of indicators seem to be somewhat fortuitous and might probably be im- 
proved a good deal. Fluorescein and eosin, for instance, are listed only 
as indicators for acid solutions with pH = 4-4.5 and pH=2.5-4.5 respec- 
tively. The appearance of the positive ion fluorescence at these pH values 
is by no means very striking. The turning points on the alkaline side due 
to the formation of the negative fluorescein or eosin ions is much sharper. 
A great number of naphthalene and acridine derivatives seem to be espe- 
cially favorable. Some of them are included in Table XIII, which con- 

* This is probably the principal reason for the dilTerence in fluorescence color 
shown by different textiles dyed with the same dyestuff. For instaac^c, when dyed 
on cellulose acetate rayon the fluorescence of thioflavin is blue. It is yellow on 
viscose rayon. On silk it is green, probably by superposition of the two other colors. 
To a certain extent the fluorescence color also depends on the concentration of the 
dyestuff because of a partial reabsorplion of the fluorescent radiation in the colored 
material. Finally small shifts of the peak of the fluorescence band are caused by a 
direct action of the solvent or the adsorbent on the molecules of the dyestuff (see p.76). 

t This was proved by unpublished experiments on the fluorescence of acridine in 
alcoholic solutions at liquid air temperature with stepwise addition of hydrochloric 
acid. 

t Haitinger, Die Fluoreszenzanalyse in der Miohrochemie, p. 179. 


” A. Schoentag and H. Fischer, Z. pkysik. Chem., B39, 411 (1938). 
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tains a restricted selection of the supposedly best indicators covering the 
whole range from pH = 0 to pH = 13. 



Fig. 47. Phosphine 3R as fluorescent indicator : intensity, color, and color 

saturation as function of pH (Haitinger). 


Table XHI 

Fluorescent Indicators 


Com pound 

Mcthyl*acridone 

Bcnzoflavin 

Aosculin 

Ethuxy-acridonc 
Salicylic acid 
a-Naphthylamino 
Acriclonc 
Quinine 

Umbelliferonc 

o-Naphthol Bulfonic acid 
^•Naphtliol sulfonic acid 

Quinine 

a-Naphthionic acid . 
0-Naphihionic acid 


Color change 

1 pH 

green — violet 

0-1.5 

yellow— green 

0.3-1. 7 

colorlesa — blue 

1. 5-2.0 

green — violet 

1.2-3. 2 

colorless— blue 

2. 5-3. 5 

colorless — blue 

3. 4-4. 8 

green — violet 

4. 9-5.1 

blue— violet 

5.9-6. 1 

colorless— blue 

6.5-7. 6 

blue — violet 

8-9 

blue — violet 

9-10 

violet — colorless 

9.5-10 

blue— green 

9-11 

blue — violet 

12-13 


Fluor^ccnt in^dicators may be used exactly like ordinary color indicators 
for titration with sodium hydroxide, -nitric acid, etc. Once more, however 
one has to be careful that the fluorescence which should appear at a certain 
acidity I.-5 not quenched by the presence of some quenching agent which is 
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not connected with the pH. of the solution. A very characteristic example 
of this kind is provided by a dilute solution of quinine sulfate in water. 
Addition of small quantities of hydrochloric acid of low concentration turns 
the violet fluorescence of the neutral solution into the light blue color 
characteristic of acidified solutions. With a little more hydrochloric acid 
added, the color changes back to violet. The light blue fluorescence of the 
doubly charged ions is quenched by the presence of CP ions much more than 
the violet fluorescence of the ions carrying only one positive charge. If a 
quinine sulfate solution contains some dissociated halogen salts which do 
not alter the pH, and if it is acidified by addition of any acid, the light 
blue fluorescence does not appear at all. 

Insufficient work has been done so far to provide a clear judgment con- 
cerning the advantages of fluorescent indicators as compared to ordinary 
color indicators. It does not seem that fluorescent indicators have already 
found much application in routine laboratory work. The very small 
concentration of the fluorescent compounds which is needed is certainly an 
advantage. Their addition does not change the solution under investiga- 
tion to any appreciable degree. As a further advantage it is alleged that 
fluorescent indicators excited by black light can be used for the titration of 
colored liquids. The color changes of ordinary indicators would be masked 
completely under these conditions. Thus the titration of red \vine or of 
fruit juice wth umbelliferon gives quite satisfactory results. Similar results 
cannot be achieved with beer because of its own rather strong fluorescence. 
The same difficulty occurring in all kinds of fluorescence analysis is met 
with once more. Haitinger proposes that in such cases one should make 
separate photometric measurements of the fluorescence of the liquid itself 
and of the indicator added to the liquid. However, this procedure would 
again render the method very complicated. 

7. Technical Identification of Materials 

The application of “black light” fluorescence to industrial tests has even 
a greater scope than fluorescence analysis in scientific research. There is 
hardly a branch of industry, commerce or other activity in which some 
sort of material is to be identified, controlled or assorted and for which the 
use of fluorescence investigation has not at least been recommended. In 
the books quoted in the bibliography one may find paragraphs on the 
dyestuff and drug industries, paints, varnishes, paper, cellulose, rubber, 
tanning and leather, glass and other silicates, pottery, gems, textiles, fuels, 
tars, soap.s and other cosmetics, foodstuffs and food products, ■with sub- 
sections on meat and fish, eggs, wines and fruit juices, beer, vegetables, 
flour and bakery products, sugar and confectioneries, honey, marmalade, 
milk and cheese, butter and margarine, and further on mining and prospect- 
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ing, on silk worms, on philately, museum work, custom examination, 
forgery and criminology. 

The list could probably be still further extended if for conceivable reasons 
many firms would not \vithhold their experiences from publication.* On 
the other hand a perusal of the literature shows that the published results 
are in many cases rather contradictory. This does not disprove the very 
manifold uses of the method, but it suggests that a casual remark made by 
Grant in an article on fluorescence analysis might deserve a far more general 
application.*’ Grant states that the method is used to best advantage 
when adapted by each worker to his own requirements. If a difference in 
the color or the intensity of fluorescence of two materials has been perceived 
once, it will easily be recognized a second time, while the description of the 
fluorescence as being greentsh browm in one case and olive green or brown- 
ish green in another, which might be found in a book, will sometimes not be 
very helpful. Therefore we shall not endeavor to once more collect as 
many statements as have been published in the periodicals of all branches 
of industry and to aVray them in the order of such branche.s.t We will 
rather try to set up the main principles, according to which fluorescence 
ttets may be used in general and to find the limits of each mode of applica- 
tion. Only a few examples shall be mentioned in every case. 

The following seem to be the most important and most frequently en- 
countered types of fluorescence tests: 

a. Discrimination between different ^'genuine” materials.X 

b. Determination of the age of a material. 

c. Discovery of stains, flaws, etc. 

d. Proof of forgery, adulteration or imitation. 

e. Artificial fluorescence marks. 

In none of these cases are fluorescence tests perfectly unetiuivocal by them- 
.selves, but in almo.st cvcr>' case they will give important information by 
means of an exceedingly sim|)le method. 


a. The di.scrimination between different materials is the domain where a 
little personal experience is perhaps most important . Not only will almost 
every white or colorless material like paper, linen, porcelain or glass, 
coming from different sources and hardly distinguishable in daylight, have 
very different fluorescence properties, but the same is true for colored ma- 
terials who.se daylight colors seem completely alike. It is utterly improb- 


We happened to learn some 15 yours ago that even at this e.arly date tlie firm of 
Bayer was secretly using fluorescence te.sts for discrimination between their ‘'gen- 
mne aspirin and acetylsalicylic tablets manufactured by other chemical works 

t A very complete enumeration of this kind is to be found in the book by Radlev 
and Grant, (*Sce rrf. IS 4 iu tlu' hihliojiraj)}!}*, pag''’ 

t ■'Genuine" is used here for rnaferiaLs of somew hat different nature in contradis- 
tinction to materials which may be intentionally adulterated or falsified. 
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able that two samples show the sMoe daylight cobr and the same fluores- 
cence if they are not really of identical nature. 

In the dyestuff^®-® or drug®^-®* industry, qualitative chemical fluorescence 
analysis is rather unreliable, as was mentioned in section 3 of this 
chapter. However, certain products recurring regularly in some kinds of 
trade are identified without difficulty under “black light,” especially if the 
test is combined with one of the a^orption methods. The same is true 
for the different natural and synthetic tanning agents,®® vegetable®® and 
mineral oils,®* butter and margarine,®® raw and vulcanized rubber,®^ and so 
on, always under the assumption that no fraud is to be suspected. 

The use of fluorescence for the distinction of metal-bearing ore from other 
minerals in zinc or tungsten mines has already been mentioned.* Fluores- 
cence has proved its value also to the petroleum prospector for the discovery 
of oil-bearing sands.®* The assertion that in certain cases even the exact 
nature of the oil contained in the sand can be recognized from the fluores- 
cence color should certainly not be too greatly generalized. 

6. The small concentration of a luminescent compoimd which is suffi- 
cient for the production of a strong luminescence provides in many cases 
the means of perceiving slight superficial changes of a material due to oxi- 
dation or other alteration when aging effects cannot be recognized by other 
means such as discoloration, odor, etc. This is especially useful for the 
control of foodstuffs. Fish, hardly fluorescent at all immediately after 
killing, show a strong violet luminescence after one or two days when kept in 
a cool room ; this is long before the ordinary appearance would prove the 
fish to be no longer very fresh. f Vegetables which are not fit for preserva- 
tion because of deterioration are more easily recognized and eliminated with 
the aid of an “analytic lamp” than by any other method.! The fluores- 
cence of milk and of milk products which have been exposed to daylight 
turns from yellow into blue after some time because of the conversion of 
riboflavin into lumichrome. However, in the dark the yellow fluorescence 

• Seepage 100. Willemite and Scheelite do not fluoresce under“black light” 
excitation. The lamps used for this purpose must emit light of wave-lengths below 
3000 A. t See ref. B 1, page ix. 

A. H. Cook, J . Soc.^Chem. Ind., 66, 724 (1936). 

«> P. W. Dunckwortt and E. Pfau, Analyst. 62 , 707 (1927). 

** H. Fi-scher, Die physikalische Chemie in der geriehtlichen Mediiin und in der 
Taxikoloyie. Rudolf, Zurich 1925. 

0. Gerngross, Angew. Chem., 39, 696 (1926) and 41, 50 (1928). 

« G. Lundo and F. Stiebel. ibid., 4$, 243 (1933). 

“ J. Muir, Ind. Eng. Chem., Anal. Ed., 8, 432 (1932). 

** M. Haitinger and H. Joerg and V. Reich, Angew. CAem., 41, 815 (1928). 

F. Kirchhoff, Kautschuk, 4, 24 (1928). 

J. Melbase, Mineral., 4 , 9 (1936). 
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of milk preserved with formaldehyde persists for many months.**® The 
fluorescence of eggs, the white as well as the shells, is also supposed to vary 
with time,^^ though in this case the method of preser\'ation rather than the 
pure time factor seems of deciding influence.’* 

The aging of rubber caused by natural or artificial oxidation can be fol- 
lowed by observation of its changing fluorescence.! Only a few examples 
of this kind, like the differentiation of old and new cotton used for up- 
holstery, have been mentioned so far.’« It is probable, however, that 
similar results could be obtained with many materials in which fading or 
other symptoms of aging are much more difficult to observe. 

^yhen the surfaces of marble, ivory, bone or glass are exposed for long 
periods to the influence of the atmosphere and of davlight, they show a char- 
acteristic fluorescence different from that of freshly cut or polished pieces ’2 
Even when by an adequate treatment the “patina” seems to be reproduced 
quite satisfactorily the fluorescence color is a proof of the falsification. 

c. Irregularities or flaws which would be quite invisible in daylight appear 
frequently with great distinctness under black light illumination In the 
culling of seed beans the meat of the dried beans shows a bright blue 
fluorescence under black light illumination while the skin remains practi- 
cally quite dark. Thus breaks in the skin where the seed beans might be 
attacked by vermin are much more easily discovered than in daylight. 

A damaged object that has been repaired ever so artfully, be it a valuable 

stamp, a vase or a work of sculpture, is recognized by the 
specific fluorescence of the cemented joints. Restorations of old paintings 
or of majolica plates will never have the same fluorescence qualities as the 
original surrounding parts. Other examples of this kind are invisible stains 
on a paper produced by traces of some glue or even by the mere circum- 
stance that the paper had been in contact with another .sheet bearing a can- 
cellatiori mark.” chemical erasures on a document.” writing uith “secret 

cfthc 

Stains produced by sperma cannot be identified with certainty by their 


• The hypolhesi.s advanced hy some authors that the 
18 connected with it.s fat content is erroneous, f See ref. B 


yellow fluorescence of mi 
1 . page be. 


Ik 


•»G. W. Baker, 67. 38 (1932). 

"" "-8--8h and J. E. Heesterman. CAem. HVcAAfod, 29. .34-138- 
’* J r “'rV IJye^tojr Beptr.. 21, 601 (1932) 

”C.' “'MitcIleir'lX^ 39, 261 (1930). 
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fluorescence, a test which would be very important for criminology. They 
are not sufficiently distinct from stains due to perspiration or some other 
possible origin. The hematoporphyrin fluorescence test for blood stains 
seems to be the only unequivocal one in this kind of research.’® But the 
bare possibility of proving the existence of an otherwise invisible stain by a 
very simple procedure may be helpful, while the origin of the stain would 
have to be ascertained by other methods afterwards. 

d. Many of the cases mentioned under h and c are intimately related to 
the use of fluorescence observations for the detection of imitations, adulter- 
ations or forgeries. Such tests have of course a one hundred per cent 
security only if the forger is not aware of the importance of fluorescence, a 
possibility which is probably disappearing quickly, or if he is not able to 
imitate the fluorescence of the original. For the present, at least, "old-age 
fluorescence’’ and the flaws on restored works of art seem to belong to 
the second class. Fluorescence tests may still provide an additional safety 
for the collector. 

If, however, in times past the stamp forger endeavored to copy only the 
daylight color of some rare specimen without knowing that the original 
was dyed with rhodamine and should fluoresce with a brilliant red color 
even in the light of a sodium lamp,* he will be more w-ary the next time and 
take as much care with the correct fluorescence as \vith the correct drawing. 
This is just one example of many similar cases. In honest trade it will 
never be doubted whether a bottle contains virgin or refined olive oil. 
The label will tell. An intended fraud might be detected by the fluorescence 
of the oil which is orange yellow for the first, blue for the second. The 
orange fluorescence is due to a content of chlorophyll which is destroyed by 
the process of distillation. Addition of a small quantity of a chlorophyll 
solution after the distillation will restore the typical "virgin” fluorescence to 
the refined oil. The forewarned forger will certainly be able to execute this 
easy operation but he will probably have to take greater pains to eliminate 
the strong blue fluorescence due to an addition of mineral oils to a vegetable 
oil destined for the manufacture of a cosmetic lotion. 

The manufacture of fluorescent false teeth may be called a very harmless 
kind of forgery. The brilliant whitish fluorescence of natural teeth under 
black light illumination is, according to Tiede, due to the collagen content 
of the calcium phosphate of w’hich they consist. An artificial tooth made of 
porcelain appears as a black hole in the shining row under these conditions. 

* Rhodaroines are the only synthetic rod dyestuffs which show a red fluorescence 
when irradiated with the light of a sodium lamp. 

” Ch. Dh6r6, La Fluore$cence en Biochtmie, Masson, Paris 1934; H. Fischer, 
Die pkysikalische Chemie in der genchllichen Hedizin und in der Toxikologie, A. Rudolf, 

Zurich 1925. 
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The new flubrescent variety is made of a plastic containing traces of a 
fluorescent compound. Since the fluorescence of teeth is quite invisible in a 
normally lighted room, even if mercury lamps are used for the production 
of light, the new invention should be interesting only for persons who have 
to exhibit themselves under black light illumination. 

There are cases where a fluorescence test is perfectly safe for the dis- 
crimination between an imitation and the genuine article, but where simpler 
methods of distinction make the fluorescence test superfluous. The red 
fluorescence of a real ruby will be wanting in the best glass imitations, but 
no jeweler needs black light to make sure of the counterfeit. On the other 
hand the fluorescence spectra of synthetic ruby and of the natural gem' are 
identical and oflfer no means of discrimination.*” However, according to 
Tiede, the synthetic products .show an easily perceivable afterglow missing 
in the case of the natural gems and thi.s might provide a means of dis- 
tinguishing one from the other.” 

Taking everything into account, it may be said that though fluorescence 
tests give in general no absolute security, they have become a very valuable 
help against all kinds of frauds. 

e. So far only the natural proper fluorescence of different materials has 
been taken into account. It is, of course, possible to mark a material by 
addition of a small quantity of an invisible and otherwise harmless fluores- 
cing compound, .so that in black light it becomes distinguishable from .similar 
material not marked in the same way. Though it seems to be certain that 
a good many manufacturers are using the method, not much detail is 
known about it. A .special apjilication of the principle is the use of in- 
visible fluorescing “watermarks’* on bank notes, check forms or other 
papers destined for important documents. This again is no absolute 

protection against forger}', but it is another way to render the forger’s art 
more difficult.” 

The natural bluish fluorescence of lubricating oils for motor cars is fre- 
quently increa.sed by addition of some hydrocarbons. This is probably 
done rather for beauty’s sake than for protection against imitation 

Finally we mention occasioas where invisible fluore.scent marks are even 


This « aa proved by numerous spectrograms published by different authors It 
18 therefore not clear why, according to Itadloy’s and Grant’s own experience the 
fluorescence color of natural rubies should always be much loss deeply red than that 

"E.ViedranTA.'cZlTcIl'B 

” J. Grant, Analy$t, 68, 603 (1933). 
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used for the discrimination between different categories of human beings 

Newborn babies in a nursery may thus be protected from being exchanged 

^ance hall managers may be protected from being cheated by guests who 

have not paid their admission fee. Dyes in very dilute shellac solutions 

are used on a stamp pad and the patron is stamped on the wrist in a “check- 
out” tag. 


8. Use of Fluorescence Microscope 

If very small objects or mixtures of very minute particles have to be in- 
vestigated, the fluorescence microscope can be helpful for analysis The 
proper fluorescence of the material or more frequently the induced fluo- 
rescence obtained by “fluorochromy” are employed. 

In powders, single grains of another nature can be perceived, e.^., crystals 
of mercuric chloride appear dark in a strongly fluorescent powder of calomel 
and cocoa husk differs in its fluorescence from ground cocoa, the same 
being true for fraudulent admixtures to flour or spices. The cathode ray 
fluorescence microscope described on page 67, was devised for the purpose of 
picking the grains with the strongest luminescence out of a microcrystalline 
powder of zinc silicate. 

The possibility of identifying certain bacteria under the fluorescence 
microscope is rapidly gaining importance. The method is already used 
extensively for the tuberculosis test in sputum or body fluids.” Instead of 
confining the observation to the proper fluorescence of the bacilli, these are 
stained with auramine 0 as fluorochrome.* The dyestuff is retained by the 
bacteria, when the surrounding material is de-stained by means of acidified 
alcohol. The exciting light is filtered through a blue ultraviolet transmit- 
ting glass and the bright fluorescence is observed through a yellow filter. 
As the fluorescent bacteria are seen on an almost completely dark back- 
ground (Fig. 48b), less magnification is required and a larger field of vision is 
provided. Thus the test becomes more sensitive than the older method and 
reduces the time for identification by about one-third. 

In the same way fluorescence microscopy has been applied to the analysis 
of Iepro.sy bacteria, trypanosomes and spirochetes and the diphtheria or- 
ganism,” Some authors claim even to have demonstrated a virus stained 
with primulin under the fluorescence microscope,*® but the validity of this 
assertion has been questioned by others. 

In dermatologic practice, fluorescence microscopy helps detect patho- 
logical conditions of the skin and to differentiate fungi in cultures. In- 

■ The proper fluorescence of the bacteria due to their porphyrin content, men- 
tioned on page 103, is much weaker and therefore not suitable for a rapid examination. 

” 0. \V. Richards and D. K. Miller, .Im. J. Clin. Path., li, techn. suppi. 5, 1 (1941); 

O. W. Richards, F. K. Kline and R. E. Leach, Am. Rev. Tuberculosis, 46, 255 (1941). 

F. Gerlacb, Wien. klin. Wochschr., No. 46, 50 (1937). 
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1 Ii«‘ main pui j)o>c of fliion'scoiicc^ microscopy, us of oitlinary microscopy, 
is ol»sn-\ ation of small objects ami of their structure rath<‘r than mere 
identification or analysis. On a iion-luminesccnt or differently luminescent 
liackjrrouml the [uopei- fluorescence of certain parts of plants or animal 
tissues occasionall\ reveals ih-tails \vhi<li arc not pi-rceived as easily under 



Kij'. '|Sb I' liiofosfrrii I iiIm'i nilM^is h:i<*1cri:i. (I’mirlcsy <0 S|M*nror ]/*ius 


wliitr illiiuHnat ion. Acetmlinjt to II. r\ topla'-nis in an 

nniinal or^nn :i|)pr:ir a I am I l>lnr, 1 Ik^ c*oll;i^i'nnn'< lil>r(*< a st i ikiri}^ 1)1 nr, anti 

a ^ray. 'rhr oi irnial ion in an iin<tain('il >rrtion 

niulri tiu* niirroxuipr is ra^'V as in a staiiii'tl section with 

visible liylilA- 

Bv inean.s ol lltc "huiiiiK i^roen lluore>coneo*‘ which is due to tlic presence 


11. PupjHM', Arrh. . 31, 7lili ItUIV 
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of lipoids carrying vitamin A* the distribution of this vitamin in various 
normal and pathological organs has been studied in photomicrographs 
(Fig. 48a). The material is fixed in formalin and water serves as mounting 
medium. Exposures of less than 30 seconds are sufficient, longer exposures 
being disadvantageous because of the fading nature of the fluorescence. 
During the first half minute, the vitamin A fluorescence is so strong that it is 
clearly recognized even if the lipoids carrying the vitamin are simultane- 
ously rendered visible in the micrograph by “fluorochromy,” using phos- 
phine 3R. 

The method of fluorochromy is particularly favorable if adjacent parts of 
a material acquire contrasting fluorescence colors by adsorption of the same 
dyestuff or if they adsorb preferentially different dyes. If the tissue of a 
human palate is stained with choriphosphine, the fluorescence colors are 
orange red for the phlegm, greenish yellow for the cellular nucleiv light 
yellow for the plasma, olive green for the muscular fibres, and bluish green 
for the fatty substance. An example of the simultaneous use of several 
fiuorochromes (“polyfluorochromy”) is provided by the cross-section of a 
plant seed. Aminoterephthalic acid imparts a light blue fluorescence to the 
protein crystals, the cellulose ad.sorbs primulin, and the oil droplets dis- 
solve chlorophyll and fluoresce in a bright yellow and red color respectively. 
These two examples are taken from Haitinger’s monograph on fluorescence 
microscopy, where a good many more of a similar kind may be found. 
How far and to what advantage the method has already been used, not for 

the demonstration of its possibility but for research work, is another 
question. 

Because of the small dyestuff concentration sufficient to produce fluores- 
cence, fluorochromy can even be applied to the microscopic observation of 
hvmg organisms like the liver or the kidney of a frog. Fluorescein, trypa- 
tlavine and primulm have proved best adapted for this purpose. Staining 

these organisms with ordinary non-fluorescent dyes would be equivalent 
to poisoning. 

The obsen-'ation of living bacteria under the fluorescence microscope by 
means of their proper fluorescence even without the use of fluorochromy is 
sometimes superior to ordinary microscopy. 

9* Tracing of Hidden Currents 

The tracing of a subterraneous connection between different waterways 
was one of the earliest attempts to apply the strong photoluminescence of 
fluorescein even a_t highest dilution to a practical purpose. According to the 

thenaeu^m of ]8r8, ten liters of a concentrated uranin solution were poured 

^nmnl ^ ^ I, ! summers is 

completely sucked up by the porous lime rocks of the Jura mountains. 

• See page 104. 
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Fifty hours later the fluorescence could be observed in the water of the 
river Aache which springs from the same mountains many miles to the 
south and flows into the Bodensee. Thus the existence of a connection 
between the river systems of the Rhine and the Danube was demonstrated. 

On a much smaller scale, experiments of the same kind were performed at 
the beginning of this century and later in order to locate the transportation 
of matter through the human body. Fluorescein was either injected into 
the veins or administered orally in quantities up to several grams and the 
presence or absence of the fluorescence in blood extracted from different 
parts of the body, in urine, bile, saliva, etc., was used as a proof that within 
a certain time the dyestuff had been carried along to a certain point." 

These early experiments showed that a connection existed between two 
points, without providing any knowledge concerning the way by which the 
connection was effectuated. By the improved modern methods of ex- 
citation by means of black light, it became possible to excite and perceive 
the fluorescence of uranin through the skin within the living tissue. A 
few cc. of a 5% aqueous uranin solution are injected intravenously. After 
the circulation time has passed, the part under obser\'aticin (lips, tongue, 
eyelids) suddenly acquires a greenish yellow appearance. The end point 
is so sharply defined that it supplies the first easy objective method to 
determine the circulation time in normal. persons and in patients suffering 
from a heart disease. For this test the solution is injected into the arm and 
the time elapsing before the fluorescence shows up in the lip is measured. 

Since the fluorescein is carried along with the blood, no fluorescence ap- 
pears in tissues or organs in which the blood circulation is hindered. This 
may become a very important aid, for the diagnosis of peripheral vascular 
disease like diabetic gangrene, as well as in certain surgical operations." 

In contradistinction to eosin and the other halide substituted derivatives, 
fluorescein is supposed to be non-toxic. It is rapidly excreted into the 
urine, and with normal renal function the fluorescence is no longer visible in 
the plasma after five hours have elapsed. Nevertheless, the new method, 
which is very promising and only in its first stage of development, should 
not be applied without certain precautions as far as experiments with 
human patients are concerned. After an injection the whole skin becomes 
more or less fluorescent; the dyestuff, however, is not only luminescent 
after absorption of light but it is also a photosensitizer. Thus without 
being haimful in the dark, it might well become detrimental when strongly 
irradiated. Cases of hemolysis by fluorescent dyestuffs are well kno^vn. 
Disea.ses produced in domestic animals by light sensitivity are now con- 

K. Wessely. Arch. ges. Physiol., 190S, p. 548; H. Strauss, Berlin klin. Wochschr., 
60, 2226 (1913); E. Koch, Dent. Arch. klin. Med., 140, 39 (1922). 

K. Lange and L. J. Boyd, Med. Clinics of N. America, 1942, p. 943; J. Herrlin, 
S. Tb. Glasser, and K. Lange, Arch. Surg., 46, 785 (1942). 
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sidered to be not infrequent, and this light sensitivity is acquired by grazing 
on certain weeds, which contain fluorescent and sensitizing dyestuffs, such 
as h>T)ericin in the weed called St. Johnswort.*® In vitrOy hemolysis has also 
been produced under sunlight illumination using fluorescein as a sensitizer. 
It is a fortunate, though not fortuitous, coincidence that the dyestuffs with 
the highest fluorescence yield are relatively bad sensitizers — fluorescein, for 
instance, as compared w’ith erythrosin or rose bengale. (See Chapter II, 
Table IV.) Thus a weak and short irradiation of the fluorescent dye %\ithin 
the human body which must be applied for the medical observation is prob- 
ably quite innocuous. However, it is advisable to keep the patient, after 
a fluorescein treatment, in a room w'hich is not too strongly illuminated, 
until most of the dye has been excreted and the skin is no longer fluores- 
cent. 

Plant physiology has also made use of fluorescent dyes for studying the 
transportation of matter inside of a living plant. If a leaf -is slightly 
scratched and a solution of fluorescein or acsculin in water or gelatin is ap- 
plied to this spot, the dye enters the leaf which at once begins to show, under 
black light illumination, the typical blue or green dye.stuff fluorescence. 
In a water-deficient plant the water is ab-sorbed greedily and flows downward 
through the xylem carrying the fluorescent dye along. In this case it is not 
even stopped when it has to pass a scalded region. In a well-watered plant, 
however, the dye travels exclusively through the sieve tubes (the phloem) 
and reaches the stem through the petiole, if it is not stopped on its way by a 
scalded region of the leaf. The velocity of the transport can be easily 
followed by observing the distance to which the fluorescence has been 
carried in a given time; this velocity can be as high as 0.5 cm. per minute, 
much higher than the diffusion velocity of the dye molecules in water, but 
it depends to a great degree on the temperaiure. Tlie details of these 
phenomena must be studied under a fluorescent microscope.*® 

It is of course important to chooee for such experiments plants which have 
no fluore-scence emission of their owm in the same spectral region as the 
dye-stuffs. If the xylem of woody plants becomes fluore-scent after cxpo.sure 
to ammonia vapor, this cannot be ascribed to the fluorescein, which may be 
pre-sent in the xylem and who.se fluorescence was suppres.sed by the acidity 
of the plant sap. Many w'oody plants, showing no or only very weak 
fluorescence under normal conditions, become brilliantly fluorescent after 
exposure to ammonia vapor and the color of the fluorescence is very similar 
to that of fluorescein, though the plant has never been contaminated W’ith 
any foreign dye. 

I!. F. Blum, Photodynamic Action and Diseases Caused by Light, Am. Chem. 
Soc. MonoRr. S(*ri<'s, lU-inhold, Now York 1!14I. 

** \V. Schumacher, Jahrb. wiss. Solan., 77, 685 (1033); E. M. Palraquist Am J 
Botany, 28, 655 (1939). 
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CHAPTER VI 

LUMINESCENCE AS A LIGHT SOURCE 
1. Luminesceat Paints 

^ Three types of luminescent paints are available for technical applica- 
tion; fluorescent, phosphorescent and self-luminous. Each of these will be - 
treated separately in the following paragraphs. 

Frequently the surface of a material can be made luminous without the 

use of a paint either by incorporating a luminescent compound directly in a 

plastic or by dyeing a textile, a paper, etc., by absorption of a fluorescent 
solution. 

Although luminescent material has in the past five years exhibited an 
enormous development, it seems to be yet in its infancy. Attempts have 
been made to standardize the products as to their luminosity, but so far 
they have met with no definite results. 

a. Fluorescent Paints 

The usual method for the production of fluorescent paints is to incor- 
porate a fluorescent organic compound in a vehicle either of a lacquer or of 
an oil base. The vehicle must be such that it does not react with the 
fluorescent compound, even under the action of the exciting light.' Each 
fluorescent substance has an optimum concentration and a pH value for 
maximum efficiency in a liquid solution. They must, however, be de- 
termined experimentally so that not the liquid solution but the dried solid 
film after the application of the paint responds with maximum efficiency. 

In general the fluorescence of the dried film is much more brilliant than 
that of the, liquid paint. 

If a transparent vehicle is used the choice of undercoat must be carefully 
considered: it must be a white paint with a high reflecting power for the 
near U.V. Paints of this nature were investigated by Luckiesh and Holla- 
day,* who found that a large proportion of MgO, MgBjO? and AljOs gives 
the best results. For most purposes, however, a cheaper mixture of zinc 
white (ZnO) and titanium oxide (TiOj) suffices. Nitrocellulose lacquers 
are the most advantageous transparent vehicles. Non-transparent paints 
are prepared by pigmenting the lacquer with finely ground ZnS.* Fluo- 

* BaS, which is frequently recommended, is not so advantageous. 

• A. Strobel and R. I.. Zahour, Trans. Ilium. Eng. Soc., 28, 612 (1933); 0. Petzold 
and V. Dcmant, Paint Manuf., 10, 174 and 186 (1940). 

> M. Luckiesh and L. L. Holladay,/. Franklininst., 212,787 (1931). 
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rescent paints are applied to the desired surface like any other paint. When 
dried they must be protected by a coat of clear lacquer.* 

Table XIV lists a series of dyestuffs, of dyestuff mixtures* and of aro- 
matic hydrocarbons which are especially useful for the manufacture of 
fluorescent lacquers. t The concentration is in all cases of the order of 1.5 
g. dyestuff per kg. lacquer. Substances like anthracene or chrysene are 
not sufficiently soluble and must be ground into the varnish. Crude com- 
mercial anthracene, contaminated mth naphthacene, produces a lacquer 
with a brilliant green fluorescence. From a mixture of pure anthracene 
and rhodamine B extra, a pink fluorescing paint is obtained ; the fluorescence 
of a well-balanced combination of rhodamine, auramine and primulin is 
nearly pure white. 

Frequently the fluorescence color of organic dye paints coincides closely 
with their daylight body color and this may in certain cases have some ad- 


Tablb XIV 


Fldorescent Lacquers 


Color of fluorescence 


Red 

Orange 

Yellow 

Greenish yellow — ycHowieh green* 

Green — green blue 

Blue 

Blue violet 


Fluorescent compound 

Rhodamine B extra 

Rhodamine B extra + auramine base 

Rhodamine 6G extra + auramine base 

Auramine + primulin 

Thioflavin S + primulin 

Carbazol, chrysene, or anthranilir acid 

Anthracene 


• According to the relative quantity of the two components. 


vantage.^ It is a consequence of the validity of Stokes’ law. The wave- 
length of the fluorescence band is somewhat greater than the wave-length 
of the absorption band, and the light transmitted through the dye and thus 
defining its color has also wave-length.s different and frequently longer 
than those of the absorption band. With the peak of the absorption in the 
blue, fluorc.scence and body color are green. Rhodamine B extra, wliich is 
a red dye, shows a red fluorescence. This rule, however, is by no means a 

strict one: the fluorescence of cosin, which is also a red dye, is greenisli 
yellow. 


•This lacquer, as well as the vehicle in which the fluorescent compound is im 

bedded must be transparent to the c.xciting ultraviolet light and must not be dis 
colored by sunlight. 

t A great many other dyestuffs arc s erviceable for the purpose. 

* \ Robinson, Trans. Ilium. Eng. So^, 

0, 57 (1940). ' 

* G. F. A. Stutz, J. Optical Soc. Am., 32, 626 (1942). 
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Rliodamine dyes dissolved in cellulose nitrate or acetate or in a molten 
alkyd resin like paralac produce beautifully fluorescent plastic sheeting 
from which fancy designs can be cut.® 

Cloth material is made fluorescent by dipping it into a liquid solution 
containing from 0.5 to 1% of a fluorescing compound. Here again the 
rhodamines are brilliantly fluorescent in almost every case, when dyed on 
natural and artificial silk, on wool, or on cotton, as long as these are not 
treated with a tannin mordant. But for one and the same dye the hue of 
the fluorescence color frequently varies rather widely according to the 
Nature of the cloth.® The fluorescence of rhodamine 6G is pinkish yellow 
on cotton, yellowish gold on silk, red gold on wool, wine red on unbleached 
sulfite pulp, and yellow green on bleached pulp. Other dye.stuflfs behave 
similarly. In .some cases the shade is further altered by an additional 
fluorescence of the cloth itself: wool ha.s often a strong bluish fluorescence of 
its own. Some dyestuffs arc strongly fluorescent when applied to silk or 
viscose rayon and very little or not at all on wool or cotton.®* 

Fluorescent writing inks are manufactured, in the same way as other 
inks, by dissolving a fluorescent compound like rhodamine for red fluores- 
cence or quinine sulfate lor blue fluorescence in water. Fluorescent inks 
can be u.sed for printing in the same way a.s ordinary printing inks. Such 
inks arc prepared either by precipitating a fluorescent dj^estuff on .U(OH) 3 , 
which is then ground into a varnish, or by grinding the insoluble fluorescent 
compound itself into the varnish. Sometimes the simplest method for the 
production of a fluor-''.sc(‘nt dial is to draw the scale or the lettering on a 
paper sheet with fluorescent ink and to tran.sfer the drawing to the dial by 
means of decalcomania.* 

Organic fluorescent paints should not bo expo.sed too much to daylight 
since they are all more or less un.stal)le and Inclined to fading with subse- 
quent loss of their lumino.scence power. The fading is also largely influ- 
enced by the vehicle in which the dyestuff is imbedded; it is much slower 
in cellulose acetate than in glyptal, for instance.*'’ The light-fastness Is 
.somewhat improved, if the dyes are applied to an inorganic base to form a 
lake pigment. The problem of light-fastness is of comparatively less 
importance if the fluore.':ccnt objects are kept in dark rooms, as is very 
often the ca.«o. 

If, on the other liand, a fluorescent surface must be continuously e.xposed 
to daylight (as for instance the dials of an airplane), it is better to employ 
paints which are made from inorganic material by grinding finely powdered 
calcium tung.statc, fluorite, zinc sulfide, etc. into some varnish. Such 

• Occasionally the silk screen process is used for the printing with fluorescent inks, 
see page 137. 

* V. E. Yarsley, Electrician, August 8, 1942; Nature, 198, 311 (1940). 

^ J. Grant, Textile Colorist, 62, 9 (1940). 

«“>G. R. Fonda, J. Optical Soc. Am., 26, 316 (1936). 
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paints arc to a iiiiu-h liighor degree liglit-fast and weatlier resistant. It is 
true that tlieir intrinsic brightness is relatively small. Whih*. according 
to the intensity of the primary source of radiation, the iuightness of dye- 
stuff fluorescent paints may vary between 5(J0 and 3()(H) microlamberts, 
the brightness of the inorganic paints will, under the .same coiulitions, not 
exceed 5—40 niiciolamberts. 'I'liis is, lu^wever, no .seriou.s drawback, if a 
fluore.Ncent dial is used only in complete darkness with well-adapted eyes.^ 



I-IK t!l 


l-luor.-M'.nt n.rf. r :.r„l (( -..urt.-sy of ( '010 in.-iital l.il 

< orpi>r:itioii. ( ■|l•v«■laInl . ) 


Zinc boiat<- aclivafc<l wiili tuanganese ami Imked al H.^O" C. produces a 
fluorescent glaze whicli i- occasi<mally applied to pottered 

All (lii.in-sceul display |s m-c.-s>ai ily effect ivc oulv m low overall illumitia- 
tionar.d uml.r cxcitatiou l.y strong I, lack light ul.icl, means that the 
lo< al,ou must l.c .-xprcssly prepare! for ll,c purpose, Whcic th.- ..verall 
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show veiy l)rilliaiit colors in looms which aiv almost completely dark. 
Similar cllecls are produced on tlieatcr stages using Huorescont clotli for 
<-<istiiiiu‘s, fluorescent jiaints for the setting, oi- even fluorescent rnake-uo 

(Fig. 50). 

Ik-sides the.<e mer<‘ly <lecorati\ e purposes, fluorescent paints have foimd 
many applications of a really imporfant practical nature.'* In the dark, 
for instance, in hospitals ami workshops during blackouts, and in theaters 
during perlormances, they make visible certain important points like doors, 
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50 I'luiirrfJioiit hallrt. K'oiirtcs.v of (.'oiiliiicnlal latlioj^rapi) Corpi^raticai, 

(‘lovfhiinl. Ohio. I 

steps and dangerous corners or parts (*f machinery, without .spreading light 
U) otlmr paits ot the room. Switchl>oai'ds of airplanes are c(Hiippc<l \vith 
small ))laek light lamps in'a<lialing tin* fluoresia'iit dials t)f the different 
instruments to render [rossible conlrol at niglit (Fig. 51). Military map.s 
can be read in the dark wlum printc'd or sketclmd on fluorescent paper. 

1 he piaailiai il >' of M»mr rliodainine paints, t Iw red tiiiorescence oi which is 
e\( iteil e\ <'11 l)\' Vi'llow liglit , wouUl be of great value for sign i)osts <m high- 

* U, N. Fiiirli, liUrhiral liti'., 126, 258 (1'.>3U). N. Rk-hl ami E. .\. Kick, ibid., 126, 
-ll)l I laiDi ; I. .1 I )avii'.s, Trims Fiiki'Ih// Sih-.. 35, 171 < I'.ri'l). 
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ways illuminated with sodium lamps for they would appear rod just Jis 
tlio motorists are used tosoo tlumi in davli"lit instead of dark Kray, jis they 
seem now Ijocause of the laek of rc'd in the emission speetrum of tiu' sodium 
arc. But even rhodamine 3B, though it is more stable than most of the 
other rhodamines, would fad(‘ within a few days wlien continuously e.\- 
poa<‘<l to sunlight.® 


Lipsticks and makeuip stained with rluxlamine have been patented by 
several manufacturers, 1 hey are able to produce the “natural” color on 
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or better by the radiation of normal electric lamps, which are very poor in 
ultraviolet and even in violet light. Thus alkaline earth sulfide and 
zinc sulfide phosphors are used almost exclusively, the first if long dura- 
tion of the afterglow is desired, the second if high initial intensity is more 
important. The time needed for full excitation will in general be negligible. 
With a 500 watt tungsten filament lamp as light source 100 foot-candles 
suffice to saturate a calcium sulfide phosphor in one minute, a zinc sulfide 
phosphor even in 15 seconds." The formulation, manufacture and appli- 
cation of phosphore.scent paints need a great deal of experience. This is 
especially true with regard to the selection of a vehicle for the paint. 

The usual type of a paint vehicle, a raw or processed linseed or wood oil, 
or a varnish made with these oils, cannot be used in phosphorescent paints. 
Such vehicles react with the phosphors causing livering, evolution of HjS, 
and subsequent vanishing of the luminescence. Refined perilla oils appear 
to mix without trouble but in general the paint formulator is restricted to 
work with non-oxidizing vehicles such as solutions of natural or synthetic 
resins. Even these have a tendency to react with the sulphides and in 
order to prevent this J. Nussbaum recommends the addition of 0.01 to 
1% of an oxide or nitrate of Zn, Cd or Mg or a sulphuric or sulphamide 
derivative of an aromatic hydrocarbon. Resistance to moisture is ob- 
tained by the addition of 0.1 to 5% of waxes, paraffins, cetyl palmitates, 
etc. Special care must be taken to keep the acid number of the resin solu- 
tion as low as possible or at least to obtain a very low water tolerance. 
The acid value of the resins may be reduced by adding a few per cent of 
ZnO, MgO or sodium silicate. 

Damar v'arnish has been used a good deal and is still in use in some com- 
mercially produced paints. The solvent retention, however, of damar 
gum and its tendency to re.soften in warm weather is rather unsatisfactory. 
The vinyl resins may be employed successfully although new problems are 
introduced by the rather powerful solvents needed for their solution and 
by the peculiar viscosity and the drying characteristics of this group. The 
coumarone-indenc resins, quite serviceable in other respects, are inclined 
to yellow after some time. The be.st result.^ are obtained with polystyrene 
and with polymerized esters of methyl and ethyl methacrylide which ap- 
pear to be free from all the defects mentioned. Chlorinated rubber 
{Tliornositc) has also been used in luminous paint formulation.'-' " 

The usual solvents are low boiling hydrocarbons like toluene or xylene 
if the paint is to be sprayed, or higher boiling compounds like butyl acetate 
or cellosolve if it is to be brushed. 

“ A. H. Taylor, J. Optical Soc. Awi., 32, 506 (1942). 

** V. Demant and O. Petzold, Oil and Colour Trades J., 1939, 95 and 1379; H. C. 
Bryson. Paint Ind. ^^ag.. 1940, 86 and U9; H. Hadcrt, Farben-Chem., 10, 390 (1939). 

(’. E. Barnett, Ind. Eng. Chem., Xews Ed., 20. 1008 (1942). 
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One gallon of finished paint contains about 5 pounds of phosphorescent 
material and 5 pounds of resin dissolved in xylene, toluene, etc. In order 
to obtain flexible films, an addition of a plasticizer is often neces.sary. 
Dibutyl phthalate, which is sometimes recommended, is not very satisfac- 
tory and chlorinated diphenyl (“Arochlor”), triethanol amine or castor 
oil is to be preferred. ' 

The problem of the paint formulator does not end with the selection of 
the vehicle. Too fine grinding of the phosphor decreases the luminous 
efficiency. Contrary to standard paint practice, which is to get the 
pigment ground as finely as possible, luminous paints should be reduced 
to grains of not less than about O.I mm-diameter, corresponding to “200 
mesh. 1* This renders the suspension of the phosphorescent powder in 
the solution somewhat difficult. The addition of suspending agents like 
bentonite, aluminum stearate or diatomaceous earth might prevent the 
dry caking of the phosphor in the container upon standing, but is frecpiontly 
more detrimental than helpful becau.'^e it may gel the whole solution. 

The surface to which the finished paint is to be applied, be it wood, metal, 
glass or plastic, should first be “primed” with a sealer of clear lacquer or a 
flat white coat, free from lead, antimony or nickel. Pure TiOj or ZnO in 
boiled perilla oil form a good undercoat. The luminescent paint itself 
is either .sprayed or applied in thin succe.ssive coats by means of a brush 
until an even surface is produced.* One gallon of paint is sufficient to 
cover from 250 to -100 square fect.*^ 

A transparent overcoat must always be applied a.s soon as the .surface is 

dry in order to protect the phosphor from the oxulizing action of the at- 

mo.sphere and from moi.-<ture. As the luminescent material is compo.sed 

of relatively large particles, the protective layer is ea.silv eroded and must 
be frequently renewed. ‘3- '* 

Hecau.se of the coarseness of the grains, ordinary printing with phos- 
phorescent inks is not po.ssible. If mechanical reproduction of pictures or 
writing with phospliorescent paints is de.sired. it can be done only bv the 
silk screen proce.s.s.t'^ (’aS or ZnS phosphors incorporated in urea for- 

or the vehirle eausc it to gel, choking the nozzle of the spray 
or gumming up the br-LsIi so that the material is no longer useful ^ 

T Ihe silk screen proee.s.s. which in certain rases is also used for non-phosphoresrent 

HtendT ^n ^nown mctlHKl of reproduoinga <lesign by means of 

avmg free only those parts which are to be printed. The paint is J Xd to 
Uk. varmshe.l side of the screen under .some pressure by a squeegee Only the un 

pnntid on a paper or other surface m contaet^th the reverse side of the .screen. 

"L. Vanino and S. Kothsehild. Chan. Ztg.. 66, 477 liiiTToB 
taerher '/Ag.,\h.hn) (mU). oi).r.rcux, 

** S. Itufaele, Silk liai/on World.!.. 16, 14 and 40 (1030). 
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maldehydc baking enamel* and baked at 200° C. for one hour or at 
250° C. for 15 minutes, according to the type of vehicle, produce phos- 
phorescent films on metal or on cloth which are much less easily damaged 
by moisture, by bending and twisting, etc., than are the usual lacquers. 
Phosphorescent porcelain or pottery glazes have been formulated in which 
the phosphors, usually ZnS phosphors, are imbedded. The glaze is fired 
at a temperature of from 300 to 400° C. 

Phosphorescent paints do not require a continuous irradiation. Once 
excited they remain luminous for several hours. As mentioned in Chapter 
n' the phosphorescence of zinc and cadmium sulfide phosphors is brighter 
but less persistent than that of calcium and strontium sulfide phosphors. 
The useful afterglow of the former is only of the order of one hour or less, 
while the alkaline earth phosphoi-s remain easily visible during periods 
from 3 to 10 hours. One hour after the end of the activation the bright- 
ness of the best materials has decayed to a microlambert; 0.01 micro- 
lambert is about the lowest limit for usefulness. The choice of the most 
favorable ])hosphor depends of course on the special purpose for which it 
is wanted.^ Two kinds of application are made possible which are not 
available for fluorescent paints, .\fter the extinction of the normal illu- 
mination of a room objects covered with a pho.sphorescent paint are still 
visible. And such objects also remain visible when they are removed 
from an illuminated area out into obscurity. 

The first of these possibilities is used for emergencie.s, when for some 
reason the normal electric supply is cut off, during blackouts indoons as 
well as on the streets of a town, or in photographic dark rooms, so that 
certain objects, door frames or door handles, curbstoncs,or signs indicating 
entrances or exits may be perceived without difficulty (Fig. 52). A more 
perfunctory application of the same kind consists in the decoration of 
wallpapers, lampshades, or other room furnishings, with phosphorescent 
designs which, after the light is switched off, remain luminous with a soft 
slowly decaying radiation. 

Making use of the second possibility, pho.sphorescent buttons or studs 
are taken out into the dark from an illuminated room where they have been 
excited. Such buttons were in general use in all belligerent countries to 
protect pede.strian.s from dangerous collisions on blacked-out streets. 
According to Engli.sh government regulations, the brightness of the lumi- 
nescent paints used for these purposes must be not less than 0.1 equivalent 
foot-candles during the irradiation by a standard light source. One minute 
after extinction of the light source, the phosphore.sccnce brightness must 
be at least 0,005 ecjuivalent foot-candles and must not fall below 0.001 

• Tliis material is very generally used as enamel for Venetian blinds. 
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equivalent fooUcandles before the end of the period to be stated by the 
manufacturer. 

In general, phosphorescent paints are use<l in perfect chirk ness, thiHr 
own brightness Ixnng very low. I nder these conditions the light is no 
longer perceived hv means of the cones of the retina (photopic vision), 
but by means of the rods (scotopic vision), which are not able to distinguish 
colors and which have a inuxinium of sensitivity for radiation of wave- 
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capable of dark adaptation which reaches its full value only an hour after 
the eye has been exposed to bright light. It therefore results that, for a 
man coming from a brightly illuminated room into the dark, a phosphores- 
cent paint the intensity of which decays constantly appears to grow 



Fig. 53. — Spectral sensitivity of human eye. a: Cone vision, b: Rod vision. 



Fig. 54. — Brightness decay and apparent brightness decay of a luminescent paint as a 
function of time and dark adaptation of the eye (Schilling). 

Brightness in arbitrary units. 

Apparent brightness (brightness/threshold brightness). 

brighter during the first minutes, and afterwards for quite a time seems to 
decay less strongly than is objectively true (Fig. 54).^^ 

Employment of phosphorescent paints on a very large scale is not to 

M. Schilling, Z. iech. Physik, 21, 232 (1940). 
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be expected for the present because of the rather high price of the material. 

CaS phosphors cost about S5 per pound and ZnS phosphors from $17 to 

$48. Accordingly the prices for the finished paints vary between $50 

and $200 per gallon, a square foot of painted surface ranging from 20 to 
80 cents. 


c. Radioactive Self-Luminescent Paints 


^ The ideal luminescent paint would be a source of continuous light emis- 
sion without an external source of energy. 

Ordinary phosphorescent paints prepared with the sulfides of Ca, Sr or 
Zn have at most an afterglow of not more than four hours. After this 
period their luminescence has decayed to such low' intensities that the 
phosphor must be re-exposed to amexternal source of exciting radiation. 

As mentioned in Chapter III, o-rays have a very high efficiency for sup- 
plying energy to zinc sulfide phosphors. If a radioactive substance 
emitting a-rays is incorporated in a ZnS phosphor, the luminescence of 
the phosphor is continuously excited as long as the activity of the 
radioactive product l^ts. Radium has a half-life of over 1000 years. 
Because of its high price, however, it has in general been supplanted by 
mesothorium with a half-life period of only 7.9 years.** Mesothorium 
Itself emits /3-rays, but its disintegration product radiothorium is an a-ray 
emitter, with a half-life of about two years. Due to its low radiothorium 
content, the a-ray activity of freshly prepared mesothorium is very small 
It increases slow'ly during the first 4.6 years, when the state of equilibrium 
between mesothorium and radiothorium is reached. P'rom then on the 
a-ray activity decreases again, but after 10 years it has not yet fallen below 
Its maximum value by more than about 25%. '» 

Thus the luminosity of ZnS paint activated with mesothorium, after 

increasing at first, w-ould remain very nearly constant over a relatively 
long period. 

a matter of fact the mean lifetime of the radioactive substance Ls of 
little importance, so long as it Ls greater than a few years, because of the 
detenoration of the phosphor itself; its lumine.scent yield decay.s at a much 
higher rate in consequence of the a-ray bombardment. Figure 55 show.s 

^ radioactive luminescent paint throughout its 
lite. I he initial brightness is proportional to the radium content, which 
IS in general from 0.01 to 0.6 mg. radium bromide (or to its radioactive 


rising part of the curve which is observed frequently during the first days is 


»• L. Meitner, PAyi.ifc. Z., 19, 257 fl918). 

** P. M. Wolf and X. Hichl, Z. Urk. Physih, 12. 203 ) 
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equivalent of mesothorium) per gram of ZnS.“ The rate' of deterioration 
of the phosphor, however, also increases with increasing radium content, 
so that the luminosity curves for different radium contents cross each other 
after a certain period of time. After the first six months the luminosity 
is the same to within 20% for all radium contents, between 0.8 and 0.2 rag. 
radium bromide per g. ZnS (Fig. 55) . In the case of the standard 0.4 mg. 
composition the luminosity falls Avithin the first year of its life to about 
one fourth of its initial value; 0.05 mg. of radium produces only a 17% 
reduction per year; in the case of 0.001 mg. radium per g. ZnS the deteriora- 
tion does not exceed 1% per year.** The deterioration of the radium 



DAYS 


Fig. 55.— Deterioration of luminosity of radioactive paints with 0.6 to 0.2 rag. radium 

per g. ZnS (Paterson, Walsh, and Higgins). 

activated zinc .sulfide is due in part to the destruction of the luminescent 
centci-s in the crystals, but also to the fact that by this process the com- 
pound is blackened and transmits less of the light coming from the deeper 
layers of the material. 

British and German authors report that a quantity of 0.01 mg. radium 
mixed with 1 g. ZnS is sufficient for a luminous surface of 1.5 square 
inches with a brightness equal to the brightness produced by a lamp of ten 

« L. Levy and D. W. West, Chemistry & Industry, (J. Soc. Chem. Ind.), 1939, 457. 
*> E. Rutherford, J. Chadwick, and C. D. Ellis, Radiations from Radio-active 
S ‘‘'Stances, Cambridge Univ. Press, London 1930; G. Bcrndt, Radioaktive Leuchtjarben, 
Vieweg, Braunschweig, 1920; S. C. Lind, Chemical Effects of Alpha Particles and 

Electrons, Reinhold, New York 1928. „ r j 

« C. C. Paterson, J. W. T. Walsh and W. F. Higgins, Proc. Phys. Soc. London, 

29, 215 (1917). 
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candle power at a distance of ten meters or about 32 feet. Thus the specific 
brightness of the area is 10 microlamberts and the total radiation given off 
by the whole surface is 0.0001 mean spherical candles. *** 

For luminous paints manufactured in the United States, the luminous 
efficiency is rated as 0.5-0.7 watt per candle, corresponding to the a-radia- 
tion of 3.6 to 5 g. radium per candle power or to about 0.4 mg. radium 
bromide for the production of 0.0001 candles.” 

The actual procedure in the manufacture of radioluminescent paints 
is usually kept secret by the manufacturers. In principle, however, it is 
the following: Cu-activated ZnS is mixed in the desired proportion with 
an aqueous solution of the bromide of radium or of mesothorium. The solu- 
tion is evaporated and dried at a slowly increasing temperature. Too much 
heat or fine grinding of the crystals will diminish the luminosity. When 
dry, the luminous powder is mixed with an adliesive or varnish and applied 
to whatever surface one intends to render visible in the dark. Very thin 
layers of paint do not give the full effect. Thicknesses of about one-fiftielh 
of an inch have to be used. Some commercial preparations cover three 
square inches of .surface per gram of radioactive luminous compound. 

The rate of decay of luminosity of a painted surface is noticeably lower 
than that of the dry powdered compound before application. The initial 
brightness of the painted surface is also onlj' about one-third to one-fourth 
the brightness of the compound before application. t A dial painted with 
a compound containing 0.6 mg. radivim per g. will follow approximately the 
same decay curve and have the same initial luminosity a.s a powder con- 
taining 0.2 mg. radium per g. Hence the maximum radium content for a 
painted surface is 0.6 mg. per g. ZnS. if the paint is to last for more than 
6 months. 

If the radium content exceeds 0.1 mg. per g. ZnS, the time interval 
other surface .should be as short as possible. In the wet condition the mixed 
paint deteriorates very rapidly. The deterioration due to one month’s 


• Ten microlamberts correspond to about onc-hundredth of the brigli tiiess of a news- 
paper satisfactorily illuminated for comfortable reading by artificial light White 
paper illuminated by the light of the full moon is of the same order of brightness. 
This rather low brightness makes exact measurements of the luminosity of radio- 
active paints somewhat difTicull. By using the Wratten filter “Minus Red” in con- 
junction with a tungsten filament lamp operated at 1.5 watts per candle an appro.x- 
imatc color match is obtained for the photometry of 
ieh hue of their light is produced by an emission ban 
a fairly sharp edge towards the red end. 

t This decrease results from a partial absorption of the a-particles in the varnish. 


radioactive paints. The green- 
1 between 4250 and 5920 A with 


Viol and G. D. Kammer, Trans. Am. EUctrockem. Soc., 32, 133 fl9l7)- 
h. Perry, Paint Varnish Production Mgr., 7, 20 (1932). ’ 

u ’’ (1916); A. T. Parsons, Oil Colour Chem 

Assoc., 12, 3 (1929); W. Merz, Protar, 6, 17 and 6, 156 (1939). 
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delay in painting will be as bad as the loss in luminosity resulting from a 
three-months’ storage of the completed dial.*® 

The most frequent use of radioactive luminescent paints is their applica- 
tion to instrument dials and watches in order to render the figures and 
graduations visible at night without external illumination. The legibility 
of the figures depends not only on the quality of the paint but also on the 
method of its application to the dial. The proportion of width of line to 
height of letters for maximum legibility should be about one to eight and 
should, at any rate for letters and figures in which the height is more than 
five mm., not exceed one to seven. Below this limit experience suggests 
that the width of line may usefully be increased to one-sixth of the height 
of the figures. 

Besides the use of radioactive paints on dials and handles of watches, 
they find frequent application for pointers of scientific and technical in- 
struments, revolver and gun sights, fish baits, theater numbers, etc. To 
a still higher degree than in the case of phosphorescent paints, a large 
industrial use of the material is restricted by the high price and by the 
limited supply of radioactive products now at hand. The price of the 
luminescent radioactive compound ranges from 90 cents to SIO per gram, 
depending on the content of radioactive salt. 

2. Fluorescent Screens 
a. Fluoroscopy 

Radiation which does not directly affect the eyesight can produce visible 
images without the intervention of photography by means of a fluores- 
cent screen. Such screens have \vide fields of application in x-ray, cathode 
ray and U.V. light technique. 

Because of their greater stability, inorganic materials are used exclu- 
sively. If the screens are to be viewed from one side and to be excited 
from the other side, the support for the luminescent material must, like 
glass, quartz or mica, be transparent to visible light. Otherwise it may be 
metal or cardboard. 

Two methods are in general use for the preparation of fluorescent screens. 
In the first, the finely powdered material is suspended in an indifferent 
liquid,* the mixture is poured evenly upon the supporting plate and 
when the suspension has settled, the plate is tilted cautiously so that the 
liquid is decanted, leaving the sediment on the plate. In the second, 
the material is dusted through a sieve or muslin gauze upon the plate 
which has been coated with some kind of binder like sodium silicate. If 

• Water ia frequently employed but its use is not very advantageous, since the last 
remnants are difficult to evaporate. Benzene, or alcohol, is better in this respect. 


** J. W. T. Walsh, Froc. Phya. Soc. London, 39, 318 (1926). 
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the screen need not stand heating and is not to be used inside of a vacuum 
tube, the wetted gelatin side of a clear photographic plate or film is a very 
useful support for this second method of preparation.* 

The resolving power of a fluorescent screen made of finely ground zinc 
sulphide powder is, under a microscope, of the order of 30 n. It can be in- 
creased to about 10 if the screen is made of a well-polished mosaic of 
small zinc sulphide single crystals which can be produced with good lumi- 
nescence properties, with surfaces of about one square millimeter.** 

If a cur\'e or another image produced on a fluorescent screen, of an 
oscillograph for instance, has to be recorded on a photographic plate, it is 
better to take a contact photogram than to project the fluorescent image 
through a lens system upon the plate. The necessary time of exposure is 
.'shorter and thus the time resolving power, in the case of a moving image, 
i.s a good deal greater when the contact method Is used.** 

The strong green fluorescence of a barium platinocyanide screen 
under x-ray excitation led to Roentgen’s great discovery, and barium 
platinoc 3 'anide screens remained in general use for the observation of 
x-ray.s over a long period. They are almost completely discarded at pres- 
ent, mainly because of their high cost. The well-known sulfide phosphors 
seemed to be unsuitable for the purpose because of their strong and long 
lasting afterglow which prevents the observation of the images of moving 
objects. The x-ray luminescence of pure CaWO, is quite free from after- 
glow and therefore it prevailed for a time in the manufacture of x-ray 
.screeas, but its energy yield is not very high and its luminous efficiency 
is still lower because of the blue color of the fluorescence. The use of 
CdWO*, which has a more whitish blue emission, is somewhat more ad- 
vantageous in this respect.** 

However, since Levy and West*' showed that the afterglow of ZnS 
phosphors is almost completely quenched with negligible loss of fluorescence 
by addition of a minute quantity of nickel, .silver activated ZnCdS phos- 
phors have practically superseded all other material in the manufacture 
of x-ray fluoroscopic screens. Their yellow-green fluorescence corre-sponds 
to the optimum visual .sensitivity and thus the screens are nearly ten times 
as bright for subjective olxservation as the older CaW 04 screens. Because 
of the logarithmic re.spoaso of the human eye, weak inten-sitics show up 
much more dLstinctlj’ on such a screen than on a photographic image. 

For the production of a “thermoluminescent screen” see footnote on page 156. 

** M. V. Ardcnne, Z. tech. Phytik, 20, 239 (1939). 

*’ M. Knoll, ibid.. 12, 54 (1931). 

*■ B. Cassen. J. Applied Phy^.. 12. 410 (1941); L. Levy and D. W. West Tram 
Faraday 5oc., 36, 128 (1939). 

*» L. Levy and D. W. West, J. EUc. Eng., 79, 11 and 25 (1936). 
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The front side of the screen is protected by a varnish transparent to 
x-rays and the fluorescent powder is backed %vith heavy lead glass which 
transmits the fluorescent light, but shields the observer from the dangerous 
action of the x-ra3rs not absorbed in the screen material. 

Of the many important applications of fluorescent screens in cathode 
ray tubes, the most interesting ones are probably the following three: 
oscillographs (including electrocardiographs), television receivers and 
electron microscopes. All these devices are cathode ray tubes with, in 
general, an indirectly heated cathode at one end* and a fluorescent screen 
at the other end of the highly evacuated tube. The electron beam emitted 
by the cathode is focused upon the screen by means of so-called electro- 
static or magnetic lenses exactly as a light beam is focused by glass 
lenses. t 

In oscillographs and television tubes the lenses are so constructed that 
a reduced image of the cathode is formed, appearing as a small luminous 
spot on the screen. Before reaching the screen, the cathode ray beam is 
deflected from its straight path by rapidly changing electrostatic or mag- 
netic fields, so that the luminescent spot changes its position on the screen 
continuously. 

In oscillographs the intensity of the cathode rays, as defined by current 
density and voltage, and thus the brightness of the luminescent spot are 
constant. Two electric or magnetic fields, deflecting the cathode rays in 
directions perpendicular to each other, are produced by the alternating 
voltage and current under investigation, and, following these varying forces, 
the spot describes a curve on the screen. If the same curve is repeated 
periodically many times with great .speed, the eye perceives a curve at 
rest. Under these conditions a certain persistence of the luminescence 
increases the steadiness of the image and is advantageous. If, on the 
other hand, the shape of the figure is rapidly changing, the period of the 
afterglow must be shorter than the period of the alternating fields. Thus 
for different purposes oscillographs are equipped with screens of different 
quality. Long or medium persistent afterglow is provided by green phos- 
phorescent ZnS or mixed ZnS-Zn2Si04 phosphors with white luminescence. 
If no afterglow is desired, blue fluorescing CaW04 is employed, especially 

* Electron microscopes arc frequently equipped with a cold cathode and a gas filled 
discharge chamber separated from the highly evacuated observation tube by a wall 
with a narrow pin hole for the transmission of the electron beam (see Fig. 60). 

t Electrostatic lenses are coaxial cylindrical electrodes charged to positive or 
negative potentials; magnetic lenses are coils carrying a constant electric current. 
Both devices are able to deflect cathode rays For details concerning "electron op- 
tics” special books should he consulted, e.g., L. M. Myers, Electron Optics, Van Nostrand, 
New York 1939. A rcsuini may bo found in J. Applied Fhys., 10, 765 (1939). 
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if the image is not only to he viewed subjectively but is to be reproduced 
on a photographic plate.*'® 

In television receiving tubes the movement of the spot in horizontal and 
vertical directions is caused by auxiliary alternating currents or voltages, 
so that the whole screen is scanned, line by line, within 3'^ of a second.' 
In the tubes manufactured in the Lnited States the screens usually have 



Fig. 56.-Tt-lcv.sion receiving tube. (Courle.sy of U, C. A. Co.. Camden. N. J.) 

„f 7, 10 -1 h.. .urfa«. „f U„. 

b.\ tlu rnoymg spot, i.s rectangular, the ratio betwe.m I.eight and lentrlh 
betng equal to H (Figs. 06. 57). Tlu.s rectangle is -scannecl by tic elSon 

;r 

I'/. \\ . Khgstroin. ./. Apfilicfl l^hya.. 10, -Hi] (1930) 
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beam in 441 lines, and each line in 588 steps, .so that each individual irra- 
diation lasts only s'o -441 -558 = approximately ^.ooo.ooo ^ second. The 
intensity of the eIe(?tron beam and hence the luminosity of the spot is 
modulated by the varying energy of the incoming wave. If the trans- 
mitted image is moving, the pei*sistence of the luminescence must be 
shorter than the period after which the spot returns to its initial position, 
that is, it must not exceed -ss of a second. Photographic reproduction is 



Fig. 57. — Television receiver mounted. (Courtesy of R. C. A. Co., Camden, N. J.) 

not to be taken into account, hut high intensity for visual observation Is 
wanted, (been fluorescing ZnS(C'u) )ihosphor, with a “Ni-killer,” would 
be the most brilliant materia!, but there is a strong tendency to produce 
the images in black and white by the use of less bright mixed phosphors. 
This was l ather a concession to a prejudice, as long as it was only a question 
of "black and white.” In a room of vctv low overall illumination with 
only one relatively bright screen, the eye loses the sensation of color very 
soon and perceives only the contrast between light and dark as equi\*alent 
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to white and black. The problem is a very different one if television in 
natural colors is to be achieved. In the most promising apparatus so far 
designed for this purpose, the image of the original object is projected 
through a colored filter upon the photosensitive. surface of the television 
camera. From there it is transmitted to the receiver tube as usual. 
However, the color filter in front of the camera is replaced by one of another 
color as soon as the whole photosensitive surface of the camera has been 
scanned, so that alternately images corresponding to three different colors 
are tiansmitted in rapid succc.ssion. The images foi'med by the cathode 
rays on the fluorescent screen of the receiver are viewed through color 



nf' fluorescent screen for television (three component sulphide phosphor) 

( verenz). i : Energy di-stribution of the fluorescence spectrum. 2 : Visibility of the 

same spectrum. 3 : Visibility curve of daylight. 


filters which are exchanged synchronously with those in front of the 
camera. In both ca.ses the color filters, a red, a green and a blue one, have 
the shape of .sectors and are mounted on a rotating disk. If images in 
natural colors are to be produced by tliLs device, the fluorescent screen mu.st 
not only respond to the cathode ray excitation with “white light” but the 
Hpectral distribution of the visibility of this white light must be similar to 
7 daylight. This is very nearly attained by a mixture of three 
ZnCdS phosphons, as shown in the curves of Figure 58.^* In the red part 
of the spectrum the curve for the fluore.scent light is still below the daylight 
curve. Thus all red objects will ap|)ear either too dark (in the case of pure 
spectral reds) or too yellowish on the screen. 

” H. W. l/cvercnz, J. Optical Soc. Am., 30. 300 (lOtO). 

y 
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In electron microscopes,®- the electric and magnetic lenses are designed 
so that a greatly enlarged image, either of the cathode itself or of some 
object diffracting the cathode rays, is formed on the screen (Figs. 60 and 
61). In the first case the cathode acts as a “self-luminous” object. The 
various parts of the cathode surlace produce more or less luminous parts 



Fij?. 59. — Klccfron microscope, ((’ourtesy of Comp., Camden, X. J.) 

$ 

of tlu* image on tlie screen, according to tlicir election emissivity. Since 
the object is at rest, the question of afterglow is not important, nor is the 
esthetic question of the fluorescence color. ZnS(Cu) phosphors are the 

” E. Ruska and NT. Knoll, Ann. Physik, 12, 607 (J931); T. Drucchc, Naturwissen* 
schoften, 20, 49 (1932); V. K. Zworykin, J. Hiller, anti A. W. Vance, Elec. Eng., 19, 107 
(1941); V. K. Zwor^’kin, in Science in Progress^ Cljaptcr IV, Vale Univ. Press 1941. 
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most favorable for visual observation and ZnS(Ag) or CaW 04 for photo- 
graphic reproduction of the image. In the latest electron microscopes, 
however, photograms are no longer ob- 
tained by recording the image formed on a 
fluorescent screen by means of a photo- 
graphic camera, but a photographic plate 
is placed immediately below’ the fluorescent 
screen within the microscope itself and the 
screen can be pivoted so that it either 
receives the electron image or uncovers the 
plate for an exposure. W'bilc the maxi- 
mum resolving pow'er of a microscope 
using visible light, for instance a fluores- 
cence microscope, allows distances not 
below 1200 A to be distinguished, objects 
as small as 20 A can be resolved by a 
modern electron microscope. 

Of other applications of fluorescent 
screens in cathode ray tubes the so-called 
image converter or intensifier seems to 
promi.se much for the future, though it 
has not yet been used to a great extent.” 

It is related to the electron microscope in 
the .same way as a tele.scope is to an or- 
dinary microscope, the lenses producing a 
somewhat reduced image of the cathode 
on the fluore.scetit .screen. In these tubes 
the cathode is a photosensitive surface 
upon which a real image of some object 
i.s formed by mean.s of light rays. Either 
the cathode is transparent and the light 
impinges on its reverse side, or the image 
is projected obliquely upon the cathode 
from the front side (Figs. 02 and (>3). 

The electron emission is propjjrtional to 
the light intensity at ecery point of the 
photocathode, and thus an image of corre- 
sponding intensity distriljution is repro- 
duced by the electron lease’s on the 

fluorescent screen (Fig. t)4). .Materials are available which respond to 
photoelectric excitation by infrared light of 1.2 m. Hence it is possif)le 

”\V. Schaflcrniclit. lech. /'Ays«A-., 17, 51»7 (1936); V. K. Zworykin, J. Inst FMc 
tngrs. London, 79, 1 (1936). 
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Fig. 60. — Schematic representation 
of electron microscope. 

C: Cathode. 

A: Anode with small hole. 

O: Object to be investigated. 

M: Magiictic lenses (M| conden- 
ser; and Mj “ol)jec- 
tives’n. 

\V: Observation window, 

FI: Fluorescent area. 
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to convert infrared images into visible images.* As a matter of fact the 
first idea of these converters was conceived with the purpose of providii^ 
better sight for aviation in hazy weather by means of infrared rays. 



Fig. 61. — linage produced by electron microscope of Mycobacterium luberculcsia. 

(Courtesy of R. C. A. Co., Camden, N. J.) 

The excellent results obtained by photography under such conditions are 
well known. 

• The idea that in the future it might become possible with more suitable photo- 
sensitive materials to receive images produced by irradiation with long-wave infrared 
radiation is a fallacy, nevertheless. A material responding to“ heat radiation” would 
be characterized by a work function so small that at room temperature its thermal 
electron emission would be very strong and thereby the images? would be completely 
fogged. At room temperature, 9 per cent of all molecules have a kinetic energy 
greater than the energy of the photon of 10 m or 0.12 e.v. 



Fig. 62.— Image converter illuminated from behind (Zworykin). 

E,: Electrostatic ring lens. E*: Electrostatic lens. 

C : Photocathode. F : Fluorescent screen. 



Fig, 63.-Iinage converter illuminated from front (SrbalTernicht). 
E : Electric lens. C: Photocathode. 

M: Magnetic lens. F : Fluorescent screen. 
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In principle it is possible to amplify the intensity of the first image as 
much as one desires by applying high voltage acceleration to the converter 
and using several converters in series. But for various reasons no very 

large amplification can be attained in 
this way.* 

The “electric eye” or indicator tube 
has probably' already found larger fields 
of application than any other apparatus 
with a fluorescent screen excited by 
cathode rays. Many radio receivers are 
equipped with electric eyes for the pur- 
po.se of exact tuning. In these tubes the 
fluorescent target has the shape of a coni- 
cal ring and serves as anode. The in- 
directly heated cylindrical cathode {K 
in Fig. 65) is coaxial with the anode. 
Between anode and cathode and parallel 
to the latter a thin wire C acts as “ray 
control electrode.” C is connected to the 
plate of an amplifier tube. With no 
plate current in the amplifier, C is at the 
same potential as the fluorescent target 
T and does not influence the electron 
current from the cathode to the screen. 
With increasing plate current, or with 
decreasing n^ative potential of the am- 
plifier grid G, C is charged negatively 
with regard to T. The electrons in the 
“electric eye” are deviated from their 
radial path and the wire C casts a shadow 
upon the .screen. This shadow becomes the broader, the higher the nega- 
tive potential of C or the lower the negative potential applied to the grid 
G. The shadow angle, varying betw’een 0® and 90® is a measure of the grid 


VW 

TO >0*^ 
CONTROLLING 
VOLTAGE 



T 
A 
F 
G 
C 
K 

R.,R* 


Fig. 65. — Electric eye. 
Fluorescent target. 

Anode. 

Capacitance of 0. 1 • 
Grid. 

Controlling wire. 
Indirectly heated cathode. 
Resistors. 


• The amplification is limited by at least two reasons. The photoelectric yield 
is at its best of the order of one electron per 100 impinging photons, and the fluorescent 
yield for cathode ray excitation docs not exceed 10 per cent. Taking the energy of 
the primary photons as 2.5 c.v., corrcs|>onding to a wave-length of about 5000 A, an 
accelerating potential of 10,000 volts would produce, under these rather optimistic 
assumptions, not more than a fourfold .amplification if the response of the phosphor 
remains proportional to the electron energy up to 10,000 volts. Further, a very 
bright image produced on the fluorescent screen would illuminate the photocathode 
at the opposite end of the tube and generate an additional electron emission whic 

would again fog the image. 
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potential. If a high frequency alternating potential is to be measured, 
the shadow angle opens and closes \vith the same frequency, but the ob- 
sen-er perceives a sector of permanently reduced intensity \vith an angle 
corr^ponding to the maximum voltage of the alternating voltage. In 
the industrial construction of electric eyes, the fluorescent target and the 
^plifier are contained in one tube \Wth the same central cathode provid- 
ing the electron currents for both. Apart from radio receivers electric 
eyes serve as null indicators for alternating currents in Wheatstone bridges 
and similar devices. 

Photoluminescent screens for the production of visible images by the 
conversion of ultraviolet or infrared radiation are of relatively smaller 
importance. Quartz spectrographs are usually equipped with a matt 
glass which consists at least in part of canary glass in order to facilitate the 
focusing of the ultraviolet region of the spectrum. The response of canary 
glass to short wave ultraviolet light below 3000 A is, however, rather 
poor.* A glass plate coated on the front side with a thin transparent layer 
of fluor-ammonium uranyl fluoride gives much more satisfactory results. 
This compound i.s very useful in every case where a beam of .short wave 
U .V. light has to be focused upon a given spot. 

The fluoiT.'^cence of a screen excited by the radiation from a Sc 2537 
mercury arc lampf makes it possible to discover the presence of mercury 
vapor in the atmosphere of factories, mercury mines, etc. The lamp 
radiation is strongly absorbed by mercury vapor and the fluore.scenco 
intensity is reduced accordingly. The fluore.scent material used for this 
purpose should, like zinc silicate phosphors or calcium tungstate, respond 
to exciting light of wave-lengths below 3000 A only. In combination with 
a fluorophotometer the method can be used for a quantitative determina- 
tion of the mercury vapor concentration in the air; it is more sensitive 
and simpler than any other test. 

In a more qualitative way the presence of mercury in a liquidj or a solid 

can be ascertained by evaporating the liquid or heating the solid, so that 

the vapor ascending in front of the lamp casts a cloud-like shadow on the 
liuorescmg screen. 

Organic vapors contaminating the air in .some chemical factories, benzene 
for instance, have the property of absorbing the Hg line 2537 A, and thus 

that too great a part of tlie impinging light is 

clce t 1 which yield a much less intense fluores- 

»an do the uranyl ions. The change in fluorescence color of canary class from 

U 36* oS°A 

t Sec page 38. 

t tor instance in a aecretion from the human body. 
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•■-heir presence can be traced at concentrations at which they would not be 
recognized by other means. In this case a hot mercury lamp which emits 
the line 2537 A as “self-reversed” can be used as light source. In mercury 
vapor of low density the radiation from such a lamp would be very little 
absorbed or even not absorbed at all. This provides the means of dis- 
criminating between the presence of mercury vapor or some organic vapor 
in the air. 

The transparency of a few centimeters of atmospheric air to light rays 
of wave-lengths between 1240 and 1100 A* was demonstrated by Lyman®* 
by means of the thermolnmincscence of a CaSO^ (Mn) screen. t After 
irradiation wdth the light from an iron spark, the screen emits a yellow 
“thermophosphorescence” when heated in a dark room to about 180* C. 
The radiation by which the thermophosphorescence can be excited is cut 
off by a fluorite plate which is transparent for “Schumann ultraviolet” 
do^vn to 1240 A. It is transmitted through a LiF plate whose absorption 
begins at 1100 A. The method is also serviceable for the selection of the 
best specimens of LiF, which alone transmits the radiation of the wave- 
length interval 1200-1100 A. 

The afterglow of certain sulfide phosphors like ZnS(Cu) or CdS(Mn) is 
strongly quenched by infrared radiation. A screen coated with one of 
these phosphors remains fairly bright over a considerable period after 
exposure to blue or violet light. If during this period parts of the screen 
are irradiated with red or infrared light, these parts lose the stored ex- 
citation energy and appear dark on a lighter background. In general this 
method is not used much except for lecture room demonstrations. It has 
been recently patented, however, for the demonstration of a positive image 
of a photographic negative. The negative is projected upon the phos- 
phorescent screen through a dark red filter. The parts of the negative 
which arc less dense on the plate transmit more red light and the corre- 
sponding parts on the screen are more strongly quenched. The densest 
part of the negative gives the most complete protection against quenching. 

The different methods using fluorescence for the production of visible 
images by means of invisible radiations can be classified in the follow- 
ing way: 

1. The object is made fluorescent itself by ultraviolet light or cathode 

• Atmospheric air is perfectly opaque to light of wave-lengths between 1840 and 
1250 A 

t A paste of finely powdered CaS04 with addition of 1 to 5 per cent of MnSO* and 
water is smeared on a copper strip and heated for several minutes to red heat. The 
screen is made thermoluminescent by exposure to light of all wave-lengths between 
1300 and 140 A, a.s whs .^liown by tia- u.h- of a vacuum sja'cirograph. 


Th. Lyman, Phys. Rev., 48, 149 (1935). 
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rays and can be directly visualized, as for instance in the fluorescent 
microscope. 

2. The object remains invisible but emits or scatters an invisible radia- 
tion which produces a visible image on a fluorescent screen. 

3. The object emits invisible infrared radiation which quenches the 
phosphorescence of an excited phosphorescent screen and so forms a nega- 
tive image on the screen. 

4. The object is more or less opaque to the incident rays (x-rays in this 
instance) and throws a shadow image on a screen, which would be excited 
umformly to fluorescence without the intervening object. 

5. The stimulation of luminosity of an excited “frozen-in” phosphores- 
cence by long wave-length radiation might also be used, hut it does not 
seem to have found any practical application so far. 

b. Application of Fluorescent Screens to Photography 

When the photographic silver bromide emulsion responds poorly or not 
at all to the impact of a radiation, this failure can frequently be remedied 
by the use of “intensifying” fluorescent coatings. The fluorescent sub- 
stance is excited by the primary radiation. It is on the other hand in 
direct contact with the photographic plate or film. Thus a contact image 
of the luminescent screen is superimposed upon the image which would 
have been produced on the plate by the action of the primary radiation 
Itself. A certain loss in sharpness is unavoidable in images obtained by 
this method, but it is negligible in general. The boundary lines of a figure 
arc broadened to not more than a few’ hundredths of a millimeter. It 
is of course essential that the wave-length of the fluorescent light corre- 
sponds to the highest spectral sensitivity of the photographic emulsion 
(between 4500 and 3000 A). 

The method is u.scd for x-rays which are too slightly absorbed by the 
emulsion, and for ultraviolet light of wave-lengths below 2300 A which is 
too greatly absorbed by the gelatin. 

CaWO. screens were once exclusively employed for x-ray intensification 
screens and are still widely used. Recently ZnS(Ag) with a “Ni-killer” 
was propo.scd instead. It emits a brilliant blue fluorescence and for soft 
Roentgen ray.'i, at -10 kv., it i.*; about six times a.s effective as CaWO. 
However, when the voltag** of the x-ray tube is raised to 80 kv or more 
the ZnS(Ag) scrccms are only slightly more efficient than the tungstate 
screens, and their resolving power decreases a good deal, while it remains 
unchanged for CaWO..” With a doubly coated film and a CaWO. screen 

“ P. WicBt, Z. tech. Phjaik, 16, 53 (1935). 
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on either side the time of exposure is reduced to about one-tenth of the 
time required without the screens. 

The use of so-called Schumann plates with an emulsion very poor in 
gelatin is not always convenient for ultraviolet spectrography. Therefore 
Duclaux and Jeantet*® proceeded to “sensitize” ordinary photographic 
plates by coating them with a fluorescent lubricating oil. Since this first 
suggestion, all kinds of fluorescent liquids, mineral and vegetable oils, 
vaseline, and aromatic hydrocarbons have been recommended for this 
purpose. It is important that the fluorescent agent covers the surface of 
the plate homogeneously. Therefore it is dissolved in an easily evaporated 
solvent like alcohol or benzene. If solutions of solid hydrocarbons are 
used, they must be prevented from crystallizing after evaporation of the 
solvent, because this would occur in irregularly distributed patches.* 
After, exposure and before development of the plates the sensitizing oil or 
hydrocarbon must be removed by an adequate solvent. Oil sensitized 
films |ive good results through the whole Schumann U.V. down to about 
1000 A. Their efficiency decreases in the region between 1000 and 500 A, 
but in this region, from 1000 to 200 A and probably even to much shorter 
wave-lengths, intensifying screens of the type used wth x-rays are quite 
satisfactory. CaW 04 , MgWO* and ZnsSiO^ have proved to be about 
equally serviceable. The screens can be prepared by depositing a thin 
layer of the finely powdered material from a suspension in water on the 
gelatin side of a clear photographic film. The film is mounted afterwards 
in the plate-holder in front of the plate.” 

While th'' sharpness of the images is not quite as good on plates sensitized 
with fluo’^escent material as on Schumann plates, they are much superior 
as far as the correct reproduction of relative intensities of spectrum lines 
is concerned. For the reasons enumerated on page 56, the density of 
the photographic negative produced by a fluorescent sensitizer is propor- 
tional in every part of the spectrum to the number of quanta contained in 
the impinging radiation. Thus heterochromatic photographic photometry 
is directly achieved without any supplementary measurements. 

• A series of fluorescent sensitizers have been investigated by Allen and Franklin. 
The following modification of one of their formulae has been found very serviceable. 

I g. of fluorene and 10 drops of paraffin oil are dissolved in a mixture of 25 cc. ethyl 
acetate and 25 cc. benzene. After evaporation of these solvents the fluorene re- 
mains dispersed in the paraffin oil and does not crystallize. Before development the 
plate must be rinsed, first with benzene and then with alcohol. A fluorescent ultra- 
violet sensitizer is produced commercially by Eastman Kodak and the same manu- 
facturers have plates sensitized for the U.V. on the market. 

” J. Duclaux and P. Jeanivt, J . phtjs. radium, 2, 158 (1022); A. J. Allen and R. G. 

Franklin, J ■ Optical Soc. Am., 22, 467 (1931). 

N. C. Beese, J. Optical Soc. Am., 29, 278 (1939); T. Suga and M. Kamiyana, 

ibid.. 31. 692 (1941). 
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The photographic reproduction of fingerprints is facilitated in certain 
cases by the use of fluorescent materials. Even when dusted over in the 
usual way with an adhesive powder, fingerprints on a multicolored back- 
ground show up very poorly on a photograph. If the powder is replaced 
by finely pulverized anthracene which adheres particularly well to the 
details of the finger impressions, and if the excess powder is carefully dusted 
off, the fingerprints are distinctly brought out against a uniformly dark 
background on a photograph taken with black light. 

Two processes called “luminography” by Vanino®* were intended for the 
reproduction of prints by means of contact photography. In the first 
method the print is sandwiched between an excited phosphorescent screen 
and a photographic paper. In the second method the screen is placed 
between the photographic paper and the print and the fluorescence is 
excited by a radiation uniformly illuminating the reverse of the print. 
The print must transmit in the first case a part of the phosphorescent light 
and in the second case a part of the exciting radiation, and in both cases 
negative images are produced. 


While this luminography ha's not found any noteworthy application, a 
very .similar process may become very important for the reproduction of 
blueprints by contact photography. A.s a matter of fact the new process 
is a combination of ^ anino’s two kinds of luminography. The lines on 
the original drawinr must be so .solid that they are completely opaque to 
the exciting radiation. The drawing is laid upon a phosphorescent screen 
and the idiosphorescence is excited by radiation which has passed through 
the drawing * 1'hus the parts of the screen covered by the black lines of 
the drawing remain black and appear as white lines on contact photographs 
Uken sub.sequcntly from the screen. An advantage of the method is that 
It may be rc-pcated as often as one wants without wetting the original draw- 
ing or the copies, so that no distortion upon drving has to be taken into 
account. 


Another interesting application of fluore.scent screens to photomechanical 
reproduction has lu-en developed lately by H. Herry. The purpose of the 
method is to eliminate the screen pattern (the halftone dots) from the 
background or other parts of a picture which are not coveted by the draw- 
ing itself and are wanted to appear white on the reproduction. These 
parts are brushed over with a paint which is wliite in davlight but is excited 
to a bright liluc fluorescence l)y black light. A negative is taken of the 
drawing m ttu- usual way through a halftone screen under white light il- 

* If tlie 8lK-( t with thf ..riginni druwing i.t not transparent to ordinary light, x-rays 
hnes ‘ In tl.is ca-se the drawings must be made of thick lead 
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b 

Fig. 6()-— Reproduction of image, a: With half-tone dots on background, b: With 
half-tone dots on background removed. (Courtesy of Mr. B. Berry, 

San Francisco, C'niif.) 

lumination. Then the halftone screen i.s replaced by a glass opaque to 
U.V. while all other parts are left in place and a second exposure made on 
the same plate with U.V. illumination. Thus the developed negative 
becomes uniformly black in all parts where the original drawing was 
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covered with fluorescent paint, and correspondingly these parts are white 
without any screen pattern on the finished reproduction (Fig. 66). 

The reproduction of infrared spectra by contact photography of a 
“quenched” phosphorescent screen has not much practical value, since 
photographic plates sensitized up to 12000 A are on the market.* 

If fluorescence has proved itself very helpful to photography in many 
respects, it can occasionally produce rather unwelcome effects. Some of 
the light filters which are placed in front of the objective for color photog- 
raphy or for photography of snow landscapes, in order to reduce the blue- 
violet and near U.V. radiation, are fluorescent under the action of the 
absorbed light.! Therefore they arc apt to fog the plates or films.** 
Other filter glasses fulfilling the same purpose are free from this defect and 
the filters should be selected accordingly. 


3. Fluorescent Lamps 


Fluorescent lamps are essentially gas discharge lamps with a thin trans- 
parent coating of a luminescent material on the interior of the glass walls. 
The invisible ultraviolet radiation generated by the discharge is thus 
converted into visible light.! 

Like all modern low voltage gas discharge lamps, low voltage fluores- 
cent lamps carry, at the two ends of a tubular bulb, electrodes consisting 
of coUed tungsten \vire. These are coated with an alkaline earth oxide 
emitting electrons at rather low temperatures. The necessary heat is 
supplied by the discharge itself. In order to start the discharge, the 
electrodes must be preheated by passing the current directly through the 
filaments of the two electrodes which are connected in .series. The switch 
making this connection opens automatically when the electrodes are 
sufficiently hot, and allows the arc to strike (Fig. 67). 


1- quenched nhosphor” method is supposed to go somewhat beyond this 

hmit.a8farasl4,000A(1.4M). For the reasons explained on page 152 it is notpossi- 

me to find a phosphor by which much greater wave-lengths could be rendered visible. 
A phosphor which would be quenched by the action of 10 m or even 5 m rays would not 
show any appreciable afterglow. The same principle must be applied to photography 
Itself, as has been pointed out by Czerny, ‘ ^ 

t Examples are the U.V. absorbing filters stained with aesculin, which arc 
practically colorless, and some of the Jena yellow filter glasses. 

t While It seems that lamps of this kind alone are used in America, the last fluores 

centlampsmanufacturedbytheDulch firm Philips of Eindhovenwereof unessentially 

aiHcrent ty^. They consisted of a small mercury discharge tube about 3.5 cm long 
8 milar o the burner of the II4 Hg lamps. This tube was surrounded by aspherical 

phosphorescent material was cLteS “ 
^odata arc available for a comparison between the proper- 
ties of these lamps and the normal fluorescent lamps. ^ 


** H. Backstrom and R. Johansson, Z. wiaa. Phot., 36, 194 (1937) 
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Because of their negative current-voltage characteristic the lamps re- 
quire a choke coil as current limiting ballast. Owing to the interruption 
of the electrode heating current the choke generates a short kick of high 
potential which is sufficient to start the gas discharge. 

In general the lamps contain argon at a pressure of about 4 mm. and in 
addition a small quantity of mercxiry vapor at a pressure below 0.01 mm. 
Under these conditions the mercury atoms practically alone are excited to 
light emission. Current density, and thereby the temperature and the 
vapor pressure are so regulated that about 50 to 60 per cent of the resulting 
radiation is concentrated in the mercury resonance line 2537 A..**® 



I— /-V/ — ' 
no VOLTS 

Fig. 67. — Simple circuit for fluorescent lamp. 

K: Hot fllament cathodes. C: Choke coil. 

S; Automatic switch. T; .Autotransformer. 

Low voltage fluorescent lamps filled with pure neon are also manufac- 
tured. In these lamps the neon resonance lines 736 and 740 A excite the 

• The very bigh.value of 85 per cent for the line 2537, as mentioned in one paper 
was probably obtained in a fluorescent tube designed for special research work and is 
not characteristic for commercial fluorescent lamps. It is likely that the other 
mercury resonance line at 1849 A has an intensity in the discharge spectrum which 
should not be neglected. Very little is known about this question. Ruettenauer" 
estimates the ratio of the intensities of the lines 2537 and 1849 A to be about 5:1, but 
this is not much more than a guess. According to Butaeva,” however, the short-wave 
resonance line contributes nothing to the fluorescence excitation of zinc beryllium 
silicate phosphors. This was apparently caused by a too great manganese concentra- 
tion in the phosphor. With a lower manganese concentration the short wave-length 
radiation would be able to produce fluorescence, but then the yield of the fluorescence 
excited by the line 2537 A would become rather small. 

«H. Kreft, Z. lech. Physik, 19, 345 (1938). 

” R. N. Thayer and B. T. Barnes, J. Optical Soc. Am., 29, 131 (1939). 

” A. Ruettenauer, Z. lech. Physik, 19, 148 (1938). 

” F. .A. Butaeva, Cotnpl. rend. acad. set. i'.R.S.S.. 27, 654 (1938). 
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fluorescence. If helium is used as carrier gas for the electric discharge in 
fluorescent lamps, the results are very similar to those which are obtained 
with neon. However, such lamps do not seem to be manufactured on a 
commercial scale. Pure argon on the other hand is quite unsuitable for 
the purpose and the same is tnie for the heavier rare gases krypton and 
xenon. For these gases the optimum of fluorescence excitation is reached 
at gas pressures below 0.1 mm. (Fig. 68) and at these pressures the electric 



Fig. 68.— Fluorescence of ZniSiO«(Mn) 
phosphor as function of gas pressure in 
rare ga“ discharge ut 2()0 nia (after) Fonda 
and Huthstc-iiicr). 

• Helium. 

+ Neon. 

X Argon. 



Fig. C9.— Fluorescence of ZnjSiO^fMn) 
phosphor in low pressure gas discharge 
as function of current density (after 
Fonda and Huthsteincr). 

* In helium. 

• In mercury vapor. 

X In argon. 

Hg curve with ordinates multiplied 
by §. 


discharge produces a lapid •‘clcan-up.” Fuilhcrmorc the highe.st fluores- 
cence yield Is obtained in argon at relatively small current densities and 

It cannot be incrca.sed lieyond thi.s value by increasing the current *« 
(Fig. 69 ). 


Both facts are due to the circumstance that the atoms of the heavy rare eases 
lave a relatively great probability of being raised by electron impact into the meta- 
atablc states of tlie triplet system which do not contribute to the emission of the reso- 
nance lines and from where the atoms can be transferred by subsequent collisions 
into higlicr states of excitation. 


a 


G. R. Fonda and II. Huthsteincr, J. Optical Soc. Am., 32, 156 (1942), 
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High voltage fluorescent lamps with cold electrodes, operated at voltages 
oetween 600 and 3000 volts, have much smaller fields of application. Most 
of the data to be found in the following sections refer to low voltage mercury 
vapor lamps. 

The aims to be attained by fluorescent lamps are twofold; the ultra- 
violet radiation which is always present in the spectrum of a gas discharge 
lamp* is made useful for the light production, and light of almost any 
desired hue is produced without the use of colored glasses and a corre- 
sponding loss in intensity. It must be kept in mind, however, that the 
energetic efficiency of photolummescence is strictly limited by Einstein’s law 
and becomes smaller the shorter the wave-length of the primary radiation. 
Under excitation by the Hg line 2537 A, fluorescence light of optimum 
visibility (5550 A) can be produced at a theoretical maximum of about 



1200 1 400 1600 1800 2000 2200 2400 2600 2800 3000 3200 
Fig. 70. — Absorption and "excitation” bands of calcium tungstate (Beese). 


45%. For the neon lines 736-740 A this value is reduced to a little over 
13%. This corresponds to about 275 and 70 lumen, respectively, instead 
of the optimum yield of 621 lumen per watt. 

On the other hand the luminescent material must be selected so that its 
maximum absorption coincides with the maximum ultraviolet emission 
of the gaseous discharge. Organic compounds are out of the question 
because of their instability. The ZnS and other sulphide phosphors, so 
serviceable for many purposes, are not very useful here because they 
respond best to exciting wave-lengths of the near ultraviolet and the 
visible spectrum. For the Hg vapor lamps the phosphors most generally 
used are: CaW 04 (Pb), MgW 04 , the Mn activated silicates of Zn, Znf- 

• Almost the total intensity of the radiation of gas discharge can be concentrated 
into the resonance line of the gas but not into any other part of its spectrum. With 
the one exception of the well-known yellow sodium lines, the resonance lines of all 
other elements are located in spectral regions unsuitable for illumination and in most 
cases in the ultraviolet part of the spectrum. 
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Be and Cd, and borates and phosphates of Cd. All these phosphors have 
strong absorption and excitation bands in the spectfkl range below 3000 A 
(Fig. 70; also Fig. 44, page 87). 

Different phosphors arc mixed, according to the color wanted. Day- 
light, corresponding to a color temperature of 6500® K., is produced by a 
mixture of 28% white and 25% pinkish white ZnBcSi 04 * with 47% of 
blue -white Mg\Vt)4. A softer and more rosy white, corresponding to a 
color temperature of 3500® K., is obtained by reducing the Mg\V 04 content 
to 14%. Such different shades of white are used in general for apart- 
ment, office and factory illumination. For decoration and advertisement 
all sorts of strongly colored lights are available from violet blue to orange 
red. Pure red is more difficult to obtain and rather weak (Fig. 71).«“ 

For neon lamps, Mn activated zinc silicate! and calcium tungstate have 
so far proved most advantageous. These phosphors have a second very 
strong absorption or excitation band in the region below 2100 A (see Fig. 
44). The material must be of greatest purity in thus case and in Zn 2 Si 04 
the Mn concentration must be much lower than in the Hg lamp.s.«! In 
neon fluorescent lamps the reddish color of the ga.seous discharge itself 
contributes an essential component to the total light output. The relative 
fluorescence intensity excited by the Ne resonance lines is strongest at low 
current density and a neon gas pressure of 1.5 mm. Under these 
conditions the color of the lamps is yellow >\ith ZnsSiO* and pink with 
CaW 04 , due to the superposition of the fluorescence and the neon light. 

In the argon-mercury vapor lamps the visible mercury lines contribute 
not more than 5% to the total light output.** 

For the coating of the fluorescent powder on the glass walls of the tube 
two methods are used. Either the surface is prccoated with a binder and 
the powder is blown in by a hot air blast, or the powder is mixed with a 
flux and coated on the surface. Organic binders like glycerin or a nitro- 
cellulose .solution are subsequently removed by heating. Inorganic binders 
(silicate, phosphate or arsenate compounds) are dried into a glass-like 
cement on which the powder remains fixed. A perfectly even and homo- 
geneous distribution of the phosphorescent material is very difficult to 
obtain. The thickne,ss of the coating should be sucli that the light trans- 

• By changing the proportion of Zn and Be, the Mn content and the firing tempera 

ture, thcBc phosphors can be prepared with fluoresccnee colors varying from yellowish 
white to pink* 

t The zinc silicate may also be replaced by cadmium silicate or cadmium borate 

t See page 88. 

ub u' and C. L. Aroick, Trans, Ilium. Eng. Soc., 36, 13C9 (1941). 

H. G. Jenkins and J. X. Bowlell, Trans. Faraday Soc., 36. 154 (1939) 

* A. Ruettenaucr, Z, Ueh. Pkysik, 19 , 359 (1938). 
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mission is about 50% as compared to the transmission by the uncoated 
glass. This would, fCr instance, correspond to about 5 mg. of MgWO^ 
per square centimeter/* 

The best solution would be to incorporate the phosphor in the glass 
itself. Research in this direction has been started and is still in progress, 
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Fig. 71.— Spectral intensity distribution for different Mazda fluorescent lamps 

(ri: mercury lines) (after Getting and Amick). 


but does not seem to have produced practical results so far. Canary 
glass, which for a long time was the only glass with a strong fluorescence, - 
was under consideration at the beginning of the development, but for 
various reasons it has never been used. 

The luminous efficiency of fluorescent lamps depends largely on the 
color of their fluorescence. Table XV gives the relative brightness of 
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differently colored commercial Hg fluorescent lamps. The large differences 
are due, mainly to the spectral distribution of the eye sensitivity, to a 
smaller degree to the difference in energetic yield, and partly also to a 
difference in quantum yield of the phosphors. Lamp dimensions and all 
other conditions are equal. 

With the most favorable greenish fluorescence of Zn2Si04(Mn), argon- 
mercury discharge lamps attain an efficiency of 100 lumens per watt. 
Varying with color, tube length and other conditions, the efficiency of 
commercial fluorescent lamps is from 20 to 100 lumens per watt.'*®* ** A 
15 watt white fluorescent lamp, 12 inches long, with a diameter of 1 inch 
gives a total emission of about 450 lumens (30 lumens per watt) as com- 
pared to a standard 40 watt inside frosted filament lamp with a total output 
of 425 lumens.*®- *" This comparison is, however, not quite adequate, 
since there is an additional loss of energy of 25 to 30% in the ballast of the 
fluorescent lamps, so that the total input in the 15 watt lamp is about 19 
watts. 


Table XV« 

Relative Briohtkess op Fluorescent Lamps 


1 

Color 

Green 

White 

Doylight 

Gold 

Blue 

1 

Piok 

Red 

Brightness in arbi- 
trary units 

100 

63 

55 

49 

35 

33 

5 


One part of the energy consumed in the lamp itself is spent in keeping 
the hot electrodes working. This “electrode potential drop” of about 15 
volts is independent of the length of the discharge tube.** Lamps of greater 
length and higher watt input have therefore a somewhat higher efficiency.* 
The total amount of energ>’ consumed by a white fluorescent lamp being 
about i to i of the energy consumed by a filament lamp of the same 
output, the ratio between the total amounts of heat produced by each of 
these lamps is also ^ to But while a filament lamp radiates 78% of its 
input, mostly as infrared radiation, a fluorescent lamp radiates less than 
50% of the consumed energy with hardly any infrared radiation, the 
balance of the energy being diffused by heat conduction.” 

Temperature has a rather considerable influence on the luminous yield 


volt/« " electrodes in high voltage lamps is of the order of 100 


» T w' Ann. fWif. Can/. 111,,,,,. Enu. Hoc., l‘Ml. 

J. W. Marden and G. Meister, Trans. Ilium. Eng. Soc., 36, 1286 (19411 
B. T. Barnes, W. E. Forsylhe and W. J. Karash. Gen. EUr. Rev. 42 I-IO 

*“ B. Oday and R. F. Cisaeil, Trona. /Ham. ^Tid. 5oc., 36, 1286 (1941).’ 
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of fluorescent mercury lamps. - Due to the small current density the tem- 
perature of the tube walls is relatively low. Under normal room tempera- 
ture of 21 to 26° C. (70-80° F.), the glass walls are kept at 40 to 45° C. 
When the temperature of the environment rises, the luminous efficiency 
falls off slightly, mainly because of the increase of Hg vapor, pressure. 
The losses would become important if the free air circulation around the 
tube were obstructed and thus the glass temperature raised to 60 or even 
100° C.*«- «. 81 

Because of the influence of the mercury vapor pressure, fluorescent lamps 
take some time (of the order from 10 to 15 min.) before they reach their 
equilibrium brightness. During this period the vapor pressure, which is 
very ’ow (about 10”’) when the lamp strikes, rises toward the value 



Fig. 72. — Brightness of fluorescent lamp as function of time during stabilization 

period of discharge (Baumgartner). 

1: Bare lamp. 2: Lamp with reficctor. 

corresponding to the equilibrium temperature, while the emission of the 
resonance line and accordingly the excitation of fluorescence goes through 
a maximum before it reaches its stable state (Fig. 72). If two lamps are 
placed parallel to each other with a small interval separating them, as is 
frequently done for technical reasons, the time lapse within which the 

* Within this temperature range the fluorescence yield of the phosphors is directly 
affected only very slightly. The decreasing intensity of exciting radiation due (o 
increasing Hg vapor pressure is a rather complicated phenomenon. The mere r^^ab* 
sorption of the resonance radiation, which is usually made responsible, is notsuflieient 
because the *qmf:rIsoQcd’’ radiation would be re-emitted as often as it is absorbed. 
The longer time of imprisonment, however, increases the probability of collisions 
of the excited Hg atoms either with electrons, with other Hg atoms, or with argon 
atoms. These collisions produce cither higher excited states of the Hg atoms with 
subsequent omission of visible light, or the formation of Hg^ molecules with subse- 
quent emission of Kg^ bands or the transfer of the excitation energy into beat. 


J. W. Marden, N. C. Beese, and G. Meister, Trans. Ilium. Eng. Soc., 34, 55 (1939). 
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equilibrium is reached becomes somewhat shorter and the final brightness 
of the lamps is a little lower, because of the mutual heating effect. The 
curve- of Fig. 72 refers to a bare lamp; by enclosing it in a reflector the 
stable condition is attained still faster, so that the maximum in the curve 
of Fig. 72 disappears completely, and the equilibrium brightness is 4 
to 10% lower than for the bare lamp.“ p.M 

In fluorescent neon discharge lamps the luminous yield is necessarily a 
good deal lower than in the mercury vapor lamps. Apart from the un- 
favorable short wave-length of the Ne resonance lines, even the quantum 
yield does not exceed 25% in this case, according to Ruettenauer, while 
Fonda arid Huthsteiner estimate it as being of the same order as in Hg 
vapor fluorescent lamps, or not much below 100%. 

To a certain degree this deficiency may be compensated by the fact that 
the neon lamps are much less influenced by temperature and that they are 
not subject to the steady depreciation of luminous output which is charac- 


Tablb XVI 

LU.M1NOUS Yield of a Fluorescent Lamp as a Function of Time. 
^ Inches, 4 sim. .\roon + .Mi.\\ Oj 


Time in hours , . 
Lumen per watt 


1 

3 

75 

267 

888 

1365 

1704 

41.8 

37.7 . 

38.0 

36.7 

1 

35.3 

34.9 


3000 

29.0 


tenstic for the mercury vapor lamp.s. The effect has been ascribed to the 
depo.sition of finely divided mercury on the fluorescent surface, but is prob- 
ably due, at least in i>art, to the formation of a surface film by some chemical 
reaction of excited Hg atoms and a component of the phosphor, probably 
oxygen. The pho-^phorescent powders themselves are practically inde- 
structablc under normal lamp operation. Th'e deci-ease of light output 
IS strongest during the first 100 hours, when it may amount to about 10% 
but continues during the whole life of the tubc.^« If the current is kept 
constant, however, the brightness of commercial fluorescent lamp.s i.s suffi- 
ciently constant after a “seasoning” period of 100 hours that their use 
could bo recommended for single point temi>orature checks of optical 
pyrom^eters. The apparent brightness temperature of the central part 
of a 15 watt pink fluorescent lamp (Gen. Elect. Co.) is 1110 ” C. ( 2030 ® F ) 
with deviations of not more than ± 5 ” for individual lamps. It does not 
vary appreciably during 180 hours of continuous operation or 540 cycles of 
intermittent operation (10 min. on, 10 min. off).“ 

“ G. R. Baumgarliar, Tram. lUum. Eny. Sov., 36, 1341 (I'Jll). 

*’ C. 1 . Lucks and H. \V. Russell, J. Optical Sac. Am., 39, 163 (1940). 
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The lamp life is influenced by several factors, among which the life of 
the activated electrodes is one of the most important. In the average it 
is rated at the present time as 2500 hours.** 

The light emission of ordinary gas discharge lamps, like neon tubes, 
mercury tubes, etc., follows the fluctuations of the applied alternating 
voltage completely even up to very high frequencies. At the usual fre- 
quency of 60 cycles very disagreeable stroboscopic effects are thereby 
produced. The same problem occurred in the case of fluorescent lamps, 
but it was possible to eliminate it to a certain degree by the use of lumines- 
cent material wth an afterglow lasting longer than the half period of the 
alternating current. As compared to incandescent filament lamps, the 
light output of fluorescent lamps is much less affected by small variations 
of line voltage. 1% change in line voltage produces a change of about 
1.5% in light output.* 

Notwithstanding their high efficiency, the brightness of fluorescent lamps 
is relatively small. On the average it is below 5 candle powers per square 
inch. This means that for the same light output the tubes are much 
longer than incandescent bulbs. In general 1 to 2 inches wide, they have 
lengths from 12 inches to 48 inches and more. 

High voltage fluorescent lamps, with a diameter of ^ or J inch, must have 
at least a length of 10 meters if thefr efficiency is to be comparable to that 
of the low voltage lamps. They are occasionally used for the illumination 
of large machine shops or offices, but because of their high intrinsic bright- 
ness they can hardly be recommended for such purposes. High voltage 
fluorescent lamps are employed to better advantage in restaurants, 
show windows or for outdoor signs, where decorative effect and not effi- 
ciency is the primary condition.*® 

As a matter of fact thq introduction of all kinds of fluorescent lamps, 
so different in shape and light distribution from the. usual filament lamps, 
ha-s presented a great many new problems to the illuminating engineer. 
Such problems, however, are beyond the scope of this book.f 

* In a gas discharge a decrease in voltage corresponds in the first approximation to 
a proportional decrease in energy or in the number of excited atoms or finally in light 
output. In an incandescent filament it corresponds to a decrease in temperature, 
and the luminous output of a glowing lamp filament is proportional to the 16th power 
of its absolute temperature. 

t See for instance the reports and discussions of the 35th convention of the Il- 
luminating Engineering Society at Atlanta {Trans. Ilium. Eng. Soc., 36, 1285-1461, 
1941). 


E.g., E. \V. Briggs, Trans. Ilium. Eng. Soc., 36, 1354 (1941). 
‘‘ D. P- Cavcrly, liud., 36, 1298 (1941). 
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A. AROMATIC HYDROCARBONS AND HETEROCYCLIC 

COMPOUNDS 
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wave-length limit of excitation. 




Tabix XVn — Continued 
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Table XVII — Concluded 
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B. SYNTHETIC AND NATURAL DYESTUFFS 




Table XVIH 

Stuthetic Dtestdffs in Solution 
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* Polymerized at high concentrations in wator. 

** In solid solutions or adsorbed on solid adsorbents. 
*** When adsorbed on solid adsorbent, 
t When dyed on wool, silk, cotton or rayon. 







. (1299) ChlorophyU 3 bands 6309-8300 red 74, 102 
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samples of the same mineral are not fluorescent. 
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STJBPCT INDEX 

(The more important fluorescent and phosphorescent substances 
are listed in tables XVII to XXII with references to pages 
and are not mentioned in this index. **S'’ stands for fluorescent or 
fluorescence, "ph” for phosphorescent or phosphorescence.) 


A 

Absorption, of light, 9, 52, 71, 95 
Absorption bands, 17, 18, 71, 76 
Absorption spectrum, 9, 18, 42, 77, 95, 98 
• Accelerating voltage, 46, 147 
potential, 19 
Accidental fl, 70, 98, 100 
Acridine group (dyes), 73 
Activator concentration, 87 
Activators, of ph, 79, 83 , 88, 98 
Adsorbent gels, 115 
Adulterations, 122 
Af^rglow, 5, 13, 61, 110, 141, 146 
Aging, of materials, 120 
Aliphatic amines, test, 105 
Alkaloids, 75, 76, 107 
Alpha rays, 16, 32, 34, 48, 141 
Aluminum, test, 107 
Aluminum oxide, adsorbent, 101, 115 
fluorescence, 109 
Aluminum reflector, 39, 66 
Aluminum spark, 39 
Amplifier, 53, 154 
Analytic lamp, 37, 42, 111, 120 
Andalusite, 98 
Aneurin, 104 

Argon, in lamps, 28, 162, 165, 167 
Argon ^ow lamp, 26 
Aromatic amines, test, 106 
Aromatic compounds, 74 
Aromatic hydrocarbons, 72, 100 
Arsenic, 30, 110 
Aspirin, fl teat, 119 
Auxoflor, 72 
Azo dyes, 73 et seq. 

B 

Bacilli. 103, 124 
Bacteria, 103, 124, 127 
Barrier layer cell, 51 et seq. 

Basic material, of ph, 81 
Bccquerel pbosphoroscope, 61 
Beer, pH, 118 
Benzene vapor, test, 155 
Beryllium, test, 107 
Beta rays, 16 
Bile dyestuffs, 105 
Bilirubin, 105 


Bimolecular, reaction, 14, 81 
Bioluminescence, 3, 17 
Black bulb lamp, 42 
Black glass, 42 et seq. 

Black light. 42, 44, 118, 120, 123 
Blackouts, 134, 138 
Blood stains, 122 
Blueprints, 159 
Boric acid, as solvent, 74, 76 
Brightness, 25, 28, 140 et seq., 146 
of fl lamps, 167, 169 et seq. 
of fl paints, 132 
of ph paints, 138 
of radioactive paints, 141 
Bromine ions, 110 

C 

Cadmium, test, 107 

Calcium fluoride, 44 

Calomel, fl, 79 

Canal rays, 16, 62 

Canary glass, 15, 92, 155, 166 

Capillary analysis, tests, 45, 111 

Carbon arc, 38 

Carcinogenic hydrocarbons, 101 et seq. 
Carotene, fl, KM 
Cathode ray tubes, 46, 146 
Cathode rays, 5, 16, 32, 34, 46, 62, 67 
Cathodolumincsccncc, 6, 19, 29, 31, 96 
Chemiluminescence, 16 et seq., 33 
Chlorbenzene, fl, 70 
Chlorine ions, 118 
Chromatic aberration, 43, 45 
Chromatographic method, 101 
Chromium salts, fl, 98 
Circulation of bleed, 128 
Clean-up, gas discharge, 163 
Collisions, 33 
Colorimeter, 50 

Contact images, photogrums, 145, 157, 
161 

Cooper-Hewitt lamp, 36, 49 
Copper sulfate, filter, 43, 67 
Corundum, fl, 87 
Coumarin, 72 
Criminology, 119 
Crossed filters, 41, 55 
Crossed spectra, 59 et seq. 
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Ci^staUoIumineeceQce, 17 
Current density, 29, 47, 162 
Cyclohexane, fl, 69 

D 

Dark adaptation, 140 
Daylight, 21 

Daylight color, of fl paint, 131 
Decalcomania, 132 

Decay, of luminescence, 14 et seq., 31, 
35, 65, 140 

of self-luminous paints, 143 
Dermatologic practice, 124 
Deterioration, of phosphors, 33, 35, 142 
Dials, 132, 135, 141, 144 
Diamond, 4, 91, 68 
Dicarbolic acids, test, 105 
Didymium glass, 92, 96 
Diminoflor, 72 
Diphenyl methane dyes, 74 
Drugs_, 120 

Dyestuffs, 60, 69, 71, 73 et seq., 102, 110, 
120, 124 
crystalline, 75 
on textiles, 116 

£ 

Efficiency, 19, 26 
Electric eye, 154 
Electric lenses, 146, 150 
Electroluminescence, 16, 19 
Electrometer, 53 
Electron gun, 46 
Electron microscope, 146, 150 
Electron multiplior, 53, 64 
Electron trap, 16, ^ 

Emission bands, 10, 60 
Energy efficiency, 19 
yield. 22. 31 

Energy levels, states, 9 et seq., 26 
Enzymes, 103 

Excitation spectrum, 18, 59 et seq. 

F 

Fading, of fl, 34, 104, 126, 132 
Fatigue, 34 
Ferments, 104 

Filament lamps, 39, 42, 59, 167 
Filter paper, 45, 105 
Filters, color filters, 43 et seq., 66, 149, 
161 

Fingerprints, 159 
Flaws, fl, 121 

Fluorescence, analysis, 95 et seq. 
definition, 13 et seq. 


Fluorescence spectrum, 39, 77 et seq., 96, 
98 et seq. 

Fluorescence test, 100, 105 et seq., 110 et 
seq., 119, 155 
Fluorescence yield, 73, 84 
Fluorescent indicators, 114 et seq. 
Fluorescent lamps, 161 et seq. 
Fluorescent marks, 123 et seq. 
Fluorescent screens, 6, 144 et seq. 

preparation of, 144, 151, 165 
"Fluorimeter” (fluorophotometer), 48, 
54, 62, 112, 155 
Fluorite, 4, 91, 156 
Fluorochromy, 67, 74, 124, 127 
Fluorometer, 62, 64 
Fluorspar, 97 
Flux, in phosphors, 82 
Foodstuffs, 120 
Forgeries, 119, 122 
Franck'Condon principle, 72 
Frozen-in ph, 69, 76 
Fruit juice, pH, 118 
Fungi, 124 

6 

Gas discharge lamps, 7, 19, 61, 170 
Gems, 3, 98. 123 
Glass, 55, 70, 92 
Ground state, 9 

H 

Halftone dots, 159 
Halogens, 70, 72 
Hefner candle, 26, 58 
Helium, in fl lamps, 163 
Hematin, 105 
Hemolysis, 128 et seq. 

Heterochromatic, photometry, photog- 
raphy, 38, 50 et seq., 158 
Heterocyclic rings, 72 
Hexane, as solvent, 76 
Hormones, 103 et seq. 

Hyalite, 9"^ 

Hy^ocarbons, 72, 100 

I 

Image converter, 151 et seq. 

Imitations, 119, 122 et seq. 

Imprisoned radiation, 168 
Impurities, activating, 5, 69 et seq., 75, 
79 et seq., 85, 89, 99, 109 
Indanthrene dyes, 73 
Index of refraction, 76 
Indicator, pH, 114 et seq. 

Infrared, 17, 151 et seq., 156, 167 
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Ink, fluoreecenti 132 
phospboreeceot, 137 
iDorganic compounds, 70, 76 et seq. 
crystals, 70 

Inorganic phosphors, 76 
Integrating screen, 57 
Intensifying screens, 157 
Interna] conversion, 72 
Interstitial atoms, ^ 

Ionised compounds in solutions, 74 et 
seq. 

Iron, as quencher, 70, 88, 108 
Iron arc, 39, 66 et seq. 

Iron spark, 39, 156 

K 

Kerr cell, 62 

Krypton, in fl lamps, 163 

L 

Lacquers, fl, 24, 131 
Lactofiavin, 103*, 112 
Lambert’s law, 23, 57 
Lifetime, of excited states, 11, 60 ct seq., 
63 

Light-fastness of it paints, 133 et seq. 
Lignum nefriticum, 5 
Lipsticks, 6, 135 

Liquid air temperature, infiuence on fl 
and ph, 69, 109 
Lithium fluoride, 44, 98, 156 
Living plants, 102 
Lommel's law, 23, 57 
Low temperature, fl of rare earths, 97 
of dyes, 76 

Lubricating oils, fl, 123 
Luminescence, deflnition, 12 et seq. 
Luminescence centers, 25 
Luiuineecence spectrum, 58, 76 
Luminography, 159 

Luminous efficiency, deflnition, 19 et seq. 
fl, 166 

radioactive paints, 19 ot seq., 143 

M 

Magnetic lens, 146, 150 
Make-up, fl, 134 et seq. 

Manganese salts, 79 
Maps, fl, 134 

Mean life, of radium, 141 
Mercury arc, lamps, 37 et seq., 45, 49, 135 
Mercury in fl lamps, 162, 165, 167 et seq. 
Mercury vapor, test, 155 et seq. 
Mesolhorium, 48, 141, 143 
Metostable state, 11 ct seq., 163 


Microscope, electron, 146, 150 et seq. 

fl, 65 et seq., 74, 124 et seq., 151, 157 
Milk, 103, 121 
Mineral phosphors, 5, 14 
Minerals, 4, 71, 91, 100 
Mixed phosphors, 85 
Molecular electric moment, 76 
Monomolecular reactions, 14 
Morin test, 107 
Morphine, test, 106 
Murals, fl, 133 

N 

Napbthylamine, fl, 73 

Natural colors, television, 22, 149 

Negative characteristic, fl lamps, 162 

Neon, in fl lamps, 162, 165, 169 

Nephelometry, 50 

Neutral wedge, 50 

Nickel oxide glass, 43 

Nicol prism, 62 

'SVi-killer/’ 148, 157 

Nitrogen oxide, 107 

0 

Optimum concentration, 26, 88, 89 
Organic compounds, 70, 71 
Oscillograph, 146 
Overcoat, for ph paints, 137 
Oxide phosphors, 80, 81 
Oxygen, fl test, 110 
light absorption, 44 
as quencher, 70, 107 
Ozone, test, 107 

P 

Paints, fl 130 et seq. 
luminescent, 130 et seq. 
ph, 5, 23, 135 et seq. 
radioactive, 19, 141 et seq. 

Particle size, ph, 82 
Petroleum, 120 
Ph buttons, 138 
novelties, 6 
paints, 5, 23, 135 el 

PhosphorcsScencc, definition of, 13 ct seq. 
Phosphorogen, 99 
Phosphoroacope, 60 et seq. 
Photochemical reactions, 33 et seq. 
Photoconductivity, 35 
Photoelectric cells, 51 et seq., 57, 64 
Photographic plate, 58 et eeq. 
Photography, 48, 55, 157 et seq., 161 
Photometer, photometry, 48 et seq., 59, 
62, 111 
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Photdmetrio units, 36 
Photon, 9, 25, 29, 67 
Photopic vision, 139 et seq. 

Phofcronic cell, M et seq., 54 
Pitchblende, 97 
Planck constant, 9 
Plant physiology, 129 
Plant seed, 127 
Polaroids, 49 
Polonium, 48 
Polyfluorochromy, 127 
Porcelain, 44, 119 
Precious stones, 3 

Preparation, of phosphors, 89 et seq. 

of h screens, 144 
Printing, fluorescent, 132 
phosphorescent, 137 
Purines, 109 
Purity tests, 108 et seq. 

Purple— X lamp, 42 
Pyrimidines, fl, 109 
Pyrometer, 169 

Q 

Quantum theory, 9, 17 
Quantum yield, 23, 26 et seq., 57 et seq., 
73, 145 

Quartz, 43 et seq., 62, 65 
Quasistabie states, 11 et seq. 
Quenching, 27, 33, 35, 70, 83, 88 et seq., 
110, 118, 145, 161 

R 

Radioactive paints, 141 et seq. 
radiation, 17 
substances, 19 
Radiothorium, 141 
Radium, 48, 97, 141 et seq. 

Radium content of paints, 141 et seq. 
Raman spectra, 95 
Rare earths, 6, 76 et seq., 96 et seq. 
Recombination afterglow, 14, 24 
Red wine, pH, 118 

Reflectivity, silver, aluminum, 39 et seq. 
Resolving power, of fi screens, 145, 157 
of microscopes, 67, 151 
Resonance line, 38, 162 et seq., 169 
Riboflavin, 26, 112, 103, ll5, 120 
Ring structure, 72 

S 

Saccharin, test, 106 
Sapolitc, 97 
Sapphire, 98 

Saturation, of ph, 24 et seq., 30 et seq. 


Schumann plates, 158 
U.V.,8, 39, 43etseq., 166 
Scintillations, 33 
Scotopic vision, 139 et seq 
Screen pattern, 158 
Screen potential, 47 
Screens, fl, 6, 144, et seq., 155 
Secondary electrons, 47 
Selenide phosphors, 80 
Self-revecsed lines, 38, 156 
Sensitivity of eye, 20, 140, 167 
of photographic plate, 69 
Sensitizers, for U. V. photography, 168 
Serum, 113 

Sieve tubes, of leaves, 129 
Sign posts, 134 
Silicate gels, 81 
Siloxene, 77 et seq. 

Slow fluorescence, 15, 78 
Sodalite, 97 
Sodium, test, 108 
Sodium lamps, 122, 135 
Solvent, influence on fluorescence, 76 
for phosphorescent paints, 136 
Sonoluminesceoce, 17 
Spectroscopy, 6, 58 et seq. 

Spectrum, electromagnetic, 8 
of Hg arc, 36 
Spot tests, 41, 105 
Stains, 121 

Stokes’ law, 17, 19, 56, 71, 131 
Stone of Bologna, 5 
Subterranean waterways, 127 
Sugar, as solvent, 74, 76 
Sulfur dioxide, test, 106 
Supersorb, 113 
Surgical operation, 128 

T 

Teeth, fl, 122 et seq. 

Television, 147 et seq. 

Temperature, of fl lamps, 167 et seq. 
Thallium, test, 100 
Thalious salts, fl 27, 78, 100 
Thermolumlnescence, 4, 14, 17, 97, 156 
Thermometer glass, 44 
Thiazole group, dyes, 73 
Tbiochrome, 112 et seq. 

Thorium, test, 108 
Triphenyl methane dyes, 74 
Toluene, fl, 73 
Topaz, fl, 98 

Transition probability, 11 
Transparency, of quartz, 41 et seq. 
of air, 156 
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TribolumineBcence, 4, 17 
Tuberculosis, 124, 152 
Tungsten mines, 100, 120 

U 

Ultrachromatography, 101 et seq. 
Ultramicroscopy, 67 
Ultrasonic waves, 62 
U.V. absorbing screens, 46, 161 
U.V. light, 17, 20 , 22, 46, 57 , 66, 155 
U.V. spectroscopy, 6 
Undercoat, for 6 paint, 130, 137 
Urobilin, 105 
Uropterin, 102 

V 


Wave number, 8 
Wheatstone bridge, 155 
White light, 21 et seq., 149 
Wood extracts,, fl, 74 
Wood filter, 38, 42, et seq., 65, 1 12 
Woody plants, fl, 129 
Writing inks, fl, 132 

I 

X 

Xantbene group, dyes, 73 
Xenon, in fl lamps, 163 
X-ray diagram, 

X-rays, 18, 32, 34, 145, 157 
Xylene, fl, 73, 109 


Vacuum spectrograph, 156 
Vehicle, for paints, 130, 132, 136 
Virus, 124 
Visibility, 20, 22 
of daylight, 21 

Vitamin, 70, 103 et seq. 112 et seq. 
et seq. 

W 

Water, fl, 68 
Wave-length scale, 59 


Y 

Yield of alpha ray fl, 31 
of cathodoluminescence, 32 
of fl lamps, 168 
125 of x-ray fl, 32 

Z 

Zinc, test, 107 
Zinc mines, 100, 120 
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